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ABSTRACT
This dissertation report focuses on block copolymers derived from biomass along with a model
methacrylate system to study the gelation behavior during reversible addition-fragmentation chain
transfer (RAFT) polymerization due to the multi-functionality of bio-derived monomers. There
are two bio-based block copolymer systems disclosed in this report. One is poly(styrene-block-
acrylated epoxidized soybean oil) (PS-PAESO) derived from soybean oil. Thanks to the architec-
ture of triglycerides, PS-PAESO block copolymers are found to resemble star block copolymers
at low degree of polymerization (DP) and bottlebrush block copolymers at high DP. The long
aliphatic chains of AESO act as the star arms in the former case while they become the side chain
brushes in the latter case. At high DP, these PAESO brushes stiffen the primary chain and cause
crowding. The self assembly of PS-PAESO block copolymers thus have unusual microdomain
expansion without paying a severe entropy penalty. The domain spacing of the microstructures
can be in the submicron scale. The investigation of PS-PAESO self assembly is conducted by
small angle x-ray scattering (SAXS), transmission electron microscopy (TEM), and rheology. Un-
derstanding the structure-property relationship of PS-PAESO block copolymers reveals that the
incorporation of bio-based materials in polymers has the potential for novel applications for their
new structures.
Another bio-based block copolymers covered in this dissertation is the glycerol-based block
copolymers. Glycerol, the byproduct of biodiesel production is cheap and abundant. Develop-
ing new applications out from glycerol is therefore appealing. In this dissertation we used glyc-
erol derivatives, acrylated glycerol and solketal acrylate to develop pressure sensitive adhesives
(PSAs). Two (meth)acrylate-based block copolymers, poly(methyl methacrylate-block-acrylated
glycerol) (MMAAG) and poly(isobornyl acrylate-block-solketal acrylate-block-isobornyl acrylate)
(IBASA) were synthesized via RAFT polymerization. The formulation of PSAs includes only plas-
xiii
ticizer and the elastomers without any tackifier thanks to elastomers self tack. The structure-
property relationship of these formulations was studied by rheology and peel tests. PSAs were
conditioned at different humidity, adherends, and peel rates to test their peel adhesion. IBASA
formulations showed comparable performance as commercial 3M ScotchTM magic tape after plas-
ticized by benzoate esters. This result indicates that substituting petroleum-based PSAs with bio-
based PSAs are feasible.
Since monomers of block copolymer systems revealed in this report tend to crosslink owing
their multi-functional features, understanding their gelation behavior during synthesis becomes
important. A model system composed of methyl methacrylate and ethylene glycol dimethacry-
late was introduced to study the gelation behavior at high DP. A new parameter, the crosslinking
tendency (CT) was introduced to predict the gelation conversion of controlled radical polymeriza-
tion systems including RAFT and atom transfer radical polymerization. The CT analysis takes the
system concentration into account which gives a better prediction than the conventional Flory-
Stockmayer gelation theory. Through CT correlation, the reaction condition of intramolecular
and intermolecular crosslinking can be distinguished. That is, the gelation suppression due to in-
tramolecular crosslinking is accounted for in CT analysis. CT quantitatively describes many RAFT
and ATRP systems implying that factors including monomer architectures and radical controlling
mechanisms may not be as vital in gelation suppression.
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CHAPTER 1. INTRODUCTION
1.1 General Introduction
In recent decades, of fossil fuel feedstock the capricious price, supply and the environmen-
tal concerns prompt our society to seek for alternative solutions. Gaining energy and refining
chemicals from fossil fuel which has a extremely long carbon cycle lead to sustainable problems.
Considering these environmental and socio-economic impacts, acquiring energy and chemicals
from alternative biomass, especially short-rotating crops and forestry, has gone mainstream.1
Soybean being one of the major crops constitutes ∼ 90% oilseed production in the U.S. accord-
ing to US department of agriculture (USDA).2 The estimated production of soybean oil in 2018
reaches over 24 billion pounds with ∼ 30% consumption from biodiesel production.3,4 With the
abundant supply, the price of soybean oil as shown in Figure 1.1(a) is cheap and stable compared
to butadiene, the petroleum-based competitor we try to replace, which will be detailed in Chapter
4. Thus numerous research efforts are devoted to developing soybean oil derivatives for manifold
end uses.
The aforementioned biodiesel production is one of the major biomass utilization. In 2019 the
production capacity reaches 2.5 billion gallon annually and among 69% of which is from the Mid-
west region in the U.S.5 In the production process, each triglyceride from plant oils is transesteri-
fied into fatty acid esters as the major product and glycerol as the byproduct. This excess produc-
tion of glycerol decreases its price as shown in Figure 1.1(b) and increases the biodiesel production
cost by $ 0.008 USD for every $ 0.01 USD price drop of glycerol.6–8 Therefore, valorizing the excess
glycerol for various applications gradually receives interests.
Developing polymers with new architectures and functional groups becomes one of the pop-
ular strategies of utilizing these bio-based chemicals. In addition to their sustainable feature,
bio-based polymers carry various functional groups for further functionalization and also have
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Figure 1.1. The price comparison of (a) soybean oil and (b) glycerol with their close analogues in application
unique structures never been seen in petroleum-based polymers which opens great opportunities
for novel applications.9 Besides soybean oil and glycerol which will be covered in this disserta-
tion, other families of renewable chemicals commonly used in polymer synthesis include starch,
cellulose, chitosan, lignin, lipids and more.10
Bio-based chemicals usually possess multiple reactive functional groups such as unsaturated
vinyl groups, hydroxyl groups, and carboxylic groups, which are convenient for further function-
alization. Monomers modified from their bio-based precursors usually keep the multi-functional
characteristics along. For example, the multi-functional characteristic of acrylated epoxidized soy-
bean oil (AESO) is inherited from various unsaturated vinyl groups of soybean oil. Glycerol is
capable of carrying multiple acrylic groups because of its triol structure. When polymerizing
these multifunctional monomers by radical polymerizations, one of the issues researchers may
encounter is the tendency of these monomers to branch and crosslink during and after the reac-
tion since the polymerization might propagate through multiple active sites. As branched poly-
mers keep growing and crosslinking with each other, the gel point is eventually reached. Gelled
polymers cannot be thermally processed nor do they dissolve in solution, which are termed as
the thermoset. Gelation mechanism is thus worthwhile to study to get better controllability of
the reaction and understanding of products harvested. Chapter 3 investigates the gelation mecha-
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nism of a model methacrylates system via reversible addition-fragmentation chain transfer (RAFT)
polymerization contaminated by the crosslinker, which is the monomer carryling multiple func-
tional groups. This study targets at high degree of polymerization (DP) system with a span of
crosslinker ratio and system concentration. At dilute condition the gelation is highly suppressed,
which describes the behavior of gel conversion higher than the prediction from the gelation theory.
A new parameter, crosslinking tendency, is therefore introduced to describe and predict gel points
of polymerization systems via RAFT and atom transfer radical polymerization (ATRP) including
PAESO, a pure crosslinker system.11
Other than random copolymers, block copolymers can also be synthesized via RAFT polymer-
ization thanks to the living characteristic of controlled radical polymerization. The details of free
and controlled radical polymerizations including RAFT will be elaborated in Chapter 2. Briefly,
after polymerizing the first monomer species via RAFT, the chain transfer agent (CTA) which con-
trols the active radical concentration during the reaction is incorporated on the polymer chain.12–14
The second or even more monomer species is thus able to extend the polymer chain by continuing
the polymerization through the macro-CTA with proper radical re-initiation. If homopolymers of
first and second monomer species are naturally incompatible with each other, the block copoly-
mer which can be considered as two homopolymers (blocks) fastened by the covalent bond will
favor phase separation at the nanoscale. Depending on the block composition and the architecture,
different morphologies can be observed. There are several benefits of self-assembled block copoly-
mers: firstly, the material retains properties from different blocks instead of the mixed properties
from random copolymers or homogeneous block copolymers; secondly, the mechanical properties
are enhanced due to the presence of nanostructures. These benefits enable a wide variety of appli-
cations. Block copolymers consisting of glassy and rubbery blocks are categorized in thermoplas-
tic elastomers (TPE). The microphase-separated glassy blocks serve as physical crosslinks at room
temperature, which enhances the mechanical properties of the material. Exemplary applications
of petroleum-based block copolymers include poly(styrene-block-isoprene-block-styrene) (SIS) for
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pressure sensitive adhesives (PSAs) and poly(styrene-block-butadiene-block-styrene) (SBS) for bi-
tumen modification.15,16
Bio-based TPEs are designed to substitute petroleum-based TPEs. In this dissertation, TPEs
based on soybean oil and glycerol derivatives are reported through RAFT synthesis. Chapter
4 covers poly(styrene-block-acrylated epoxidized soybean oil) (PS-PAESO) star-brush-like block
copolymers. These block copolymers aim to substitute SBS for bitumen modifier. To better predict
the modifier performance, the structure-property relationship of PS-PAESO is thoroughly stud-
ied. Thanks to the long fatty acid chains and multi-functionality of AESO monomers, the block
copolymer shows star-like architecture at low DP with the fatty acid chains as the star arms and
star-brush-like architecture at high DP with fatty acid chains as side chain brushes. The self-
assembly of PS-PAESO therefore follows the two types of block copolymers reported before. That
is, the domain spacing (D) increases dramatically as the architecture changes from star to brush
block copolymers, which provides D larger than 100 nm. This finding supports that the unique
architecture of bio-based polymers has the potential for novel applications.
Another types of bio-based TPEs, the glycerol-based block copolymers, are covered in Chap-
ter 5. The synthesis of glycerol-based block copolymers starts from monomer modifications.
To enable glycerol to go through RAFT, acrylic group is decorated onto glycerol or solketal ,
the glycerol derivative, using (trans)esterification. After functionalization, acrylated glycerol or
solketal acrylate is polymerized with glassy homopolymers, either poly(methyl methacrylate) or
poly(isobornyl acrylate) to harvest block copolymers. These block copolymers are found to have
enough self-tack which are promising candidates for PSA applications. Detailed rheological and
morphological investigations are carried out to obtain a better understanding of their structure-
property relationship. After formulated with plasticizers, the performance of glycerol-based PSAs
is evaluated by 180o peel tests. Factors including adherend types, plasticizer species and loading,
humidity levels, and peel rate are taking into account during PSA evaluations. The results indi-
cate that the peel performance of glycerol-based PSAs is comparable to the commercial petroleum-
based 3M ScotchTM Magic tape without deliberate engineering.
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In the following sections of this chapter, several heavily mentioned concepts throughout this
dissertation will be covered including the Flory-Stockmayer gelation theory, block copolymer self
assembly, and pressure sensitive adhesives. Chapter 2 elucidates the major experimental tech-
niques involved in this dissertation. Chapter 3-5 presents projects on a paper basis. At the end, a
brief discussion of the future work is provided in Chapter 6.
1.2 Flory-Stockmayer Gelation Theory
In a polymerization system containing multifunctional monomers, or crosslinkers, polymer
chains branch and eventually construct a three-dimensional infinite net work. This infinite net-
work is defined as gel, which is no longer thermally processable nor does it dissolve in solution.
The concept of the formation of infinite network structures at gel point is introduced by Flory in
the polycondensation system.17 The gelation theory is further ameliorated by Stockmayer by tak-
ing monovinyl and divinyl monomers, which benefits the chain growth polymerization system,
into account.18
Several assumptions were included in this theory:
1. The crosslinkers can only form bridges between intermolecular chains in a statistical man-
ner.
2. Different functional groups are proposed to have equal reactivity.
3. The rare instantaneously active radicals on a chain relative to other dormant groups in chain
growth polymerization.
To fulfill these premises, the ideal condition for a chain growth polymerization system requires
polymer dispersity (Ð) near unity.
The general equation to predict the gel point of a system is expressed as11,18,19
XFSgel = (
x[Mx]0
[PC]t
D)−0.5 (1.1)
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where [PC]t is the concentration of primary chains at time t, which theoretically equals the
concentration of chain transfer agent in RAFT; [Mx]0 is the concentration of the crosslinker, x is
the functionality of crosslinker; and Ð is the dispersity of primary chain at time t.
Numerous studies have shown results deviated from the Flory-Stockmayer gelation theory
(F-S theory).19–24 The gel conversion may deviate from the theoretical value by several orders of
magnitude. This phenomenon is called the gelation suppression, which is usually accounted for
by the ineffective crosslinking within chains during the reaction as revealed in Figure 1.2. The
main research effort in gelation aims to approach the theoretical prediction and provide appropri-
ate explanations for the cause of suppression.
Monomers Branched chain growing
1
sol
Gel
Progress of Reaction
Gel point
Dangling
Intramolecular
crosslinking
Non-ideal chain growing
Figure 1.2. Illustration of gelation progress. Symbols are ○ monofunctional monomer and ● multifunctional monomer.
For radical polymerization, there are three plausible causes of gelation suppression proposed
by Matsumoto et al. which are not considered in F-S theory:19,24
1. The thermodynamic excluded volume effect of active radicals
2. The diffusion constraint of chains when the reaction broth becomes viscous
3. The reduced reactivity of pendent groups after the first vinyl group consumed by the reac-
tion.
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In free radical polymerization, polymer chains are prone to form the “microgel” in the early
stage of polymerization where the gel is formed in a locally confined region due to the high rad-
ical concentration. As microgels grow, they eventually crosslink with others to form macrogel
and reach the gel point.23,25 In contrast, in controlled radical polymerization (CRP) such as RAFT
and ATRP, the formation of microgel is suppressed thanks to the limited radical concentration.
The reaction condition of CRP is therefore closer to the ideal condition. As the reaction favors
intermolecular crosslinking, a relatively homogeneous network is formed at the gel point.22,23,26
1.3 Block Copolymer Self Assembly
Block copolymers are different homopolymers connected through covalent bonds. The sim-
plest case of block copolymers is the linear AB diblock copolymer. The compatibility of A and B
blocks depends on the repeating units. Provided that A and B blocks are incompatible, thermo-
dynamically the two blocks tend to separate out as much as possible in which phase separation
takes place in the nanoscale. The block copolymer thus self-assemble into periodic nanostruc-
tures, also termed phases or morphologies, with the size generally less than 100 nm. Figure 1.3
illustrates the common phases for a typical linear AB block copolymer such as poly(styrene-block-
isoprene) (PS-PI). The self-assembly of block copolymers is governed by the compatibility between
blocks, block composition (volume fraction, f or φ), and the molecular weight. The phase behav-
ior of block copolymers has been well-documented not only for linear AB diblock copolymers
but also multi-block, star block, bottlebrush block, and miktoarm copolymers. The importance of
block copolymer self-assembly comes from its numerous potential in applications such as lithog-
raphy,27 membranes,28 optics,29,30 electronics,31 drug delivery,32 pressure sensitive adhesives,33,34
and miscellaneous modifiers and fillers.16
The thermodynamically-driven block copolymer self assembly originates from the extent of
segregation between different blocks. The segregation strength can be expressed as , where χ is
the Flory-Huggins interaction parameter36 and N is the degree of polymerization, as the y-axis
displayed in Figure 1.3. The product carries the influence from both enthalpy and entropy as χ
8
Figure 1.3. A typical phase diagram of AB diblock copolymers.35 Different phases are close-packed spheres (CPS),
body-centered spheres (Q229), hexagonally packed cylinders (H), double gyroids (Q230), lamellae (L), and disordered
phases (DIS).
and N are related to enthalpy and entropy, respectively. Deduced from mean field theory, Leibler
discovers that microphase separation occurred above χN = 10.5 for linear A-B block copolymers.37
While block copolymers with > 100 are in the strong segregation limit (SSL) regime and expected
to form well-ordered structures with sharp interfaces, those with χN 10.5 are in the weak segre-
gation limit (WSL) regime such that nanostructures have sinusoidal interfaces.38
In case of block copolymers residing in WSL regime, it may exhibit order-to-disorder (ODT)
transition with respect to temperature. Since χ can be expressed as χ = A/T + B, the enthalpic
repulsive interactions between constituent segments decreases with increasing temperature.38–40
Therefore the phase-separated block copolymers become homogeneous at higher temperature.
This behavior is described as upper critical ordering transition (UCOT). Rarely, block copolymers
can follow the opposite way, namely the lower critical ordering transition (LCOT) for self assem-
bly. That is, the block copolymer is disordered at lower temperature and grows nanostructures
upon heating. This behavior happens because of the difficulty of crossing larger interfacial en-
ergy and the reluctance to loss entropy from stretching polymer chains upon microphase sepa-
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ration.41,42 Well-known examples of block copolymers with LCOT include poly(styrene-block-n-
butyl methacrylate)43 and poly(ethylene oxide-block-2-vinylpyridine).44
In addition to linear block copolymers, the self assembly of non-linear (block) copolymers
shows complex behavior. Figure 1.4 exemplifies the phase diagrams and architectures of two non-
linear (block) copolymers: the star block copolymers and miktoarm copolymers. These types of
copolymers have a single core where polymer arms are fastened to. The star block and miktoarm
copolymers differ from the constitution of polymer arms, which the former are block copolymers
and the latter are homopolymers. The arms of miktoarm copolymers can contain different ho-
mopolymers. Considering the architecture difference, the star block copolymers seem to resemble
their linear block copolymer counterparts since star block copolymers can be viewed as the one-
end-constrained linear block copolymers.45 Indeed, the phase diagram in Figure 1.4(a) is similar
to Figure 1.3 except several boundaries are subtly distorted. Experimentally, studies also indicated
that the domain spacing (D) of star block copolymers are irrelevant to the arm number and keeps
a similar scaling behavior to the linear block copolymers such that D ∼ N2/3.46–48 In contrast,
the self assembly of miktoarm copolymers deviates from linear block copolymers more. Due to
their architecture, the cores of miktoarm copolymers sit on the domain interface and lead to a very
different phase diagram as revealed in Figure 1.4(b).
Other than the two types of non-linear (block) copolymers, more polymer architectures are de-
signed through the improvement of synthetic techniques. For instance, bottlebrush block copoly-
mers are block copolymers with unconventionally long side chains which are often synthesized
from smaller polymers. With these long side chains, the backbone of the block copolymers is inca-
pable of fulling relaxing and thus elongates.49,50 Bottlebrush block copolymers self-assembly into
nanostructures of unprecedentedly large D, which are often between 100-200 nm.50–52 To reach
this scale of self assembly from linear block copolymers, the molecular weight higher than several
hundreds thousand Dalton is not uncommon which hits the synthesis hurdle. With bottlebrush
architecture, the sub-micron nanostructures are easily obtained which enables more applications
such as in optical and filtration field.53
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Figure 1.4. The phase diagram, polymer architecture, and the example of lamellae packing of (a) 9-arm star block
copolymer and (b) miktoarm copolymer. The phase diagram of (a) is calculated by self-consistent-field theory assum-
ing equal packing lengths for both blocks. 54 The phase diagram of (b) is predicted by Milner theory, which uses the
parameter ε to combine the influence of both arm number (n) and packing length (l).45 Different phases are close-
packed spheres (C, sph), hexagonal-packed cylinders (H, cyl), gyroids (G, bic), lamellae (L, lam) and disordered phase
(D).
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1.4 Pressure Sensitive Adhesives
Pressure sensitive adhesives (PSAs) are adhesives containing enough self tack to wet and bond
the adherend physically by applying light pressure (finger pressure). These physical bonds then
provide substantial resistance during removal. PSA products are ubiquitous in our daily life in-
cluding permanent and removable PSAs. Labels, sticky notes, and miscellaneous tapes are com-
monly used. The major component of PSAs is natural or synthetic elastomers. Additives such
as tackifiers, plasticizers, and/or stabilizers are blended with elastomers for performance adjust-
ment and providing better stability. Except natural rubbers the elastomers in commercial PSAs
are based on petroleum-based polymers such as styrenic block copolymers, crosslinked acrylics,
and silicones.15
Styrenic block copolymers such as poly(styrene-block-isoprene-block-styrene) (SIS) are advan-
taged in PSA applications for their good resistance to creep. Since SIS self assembles as mentioned
in Section 1.3, the glassy styrene blocks serves as physical crosslinks at application temperature
enhancing the cohesion within adhesives. However, the rubbery isoprene blocks require the as-
sistance of tackifier to increase its tackiness owing to the low entanglement molecular weight (6.1
kDa) which gives a relatively high storage modulus (G′) at application temperature.33,34,55 Tack-
ifiers are small molecular weight resins with high glass transition temperature (Tg) such as rosin
esters which selectively incorporates into the rubbery blocks. Dropping G′ by simply diluting the
elastomer favors bonding process.56,57 Another common additive, the plasticizer is included in the
formulation to adjust the mechanical property as well. Plasticizers are small molecular liquid with
low volatility, which are used to soften the glassy blocks. However, as styrenic block copolymers
prone to degrade under UV light, crosslinked acrylics are another option for PSAs. Acrylics often
have low Tg suitable for PSA application but require sufficient covalent crosslinks to improve its
cohesion strength. Moreover, there are also silicone-based PSAs that supports low temperature
and medical applications.58–60
Finely adjusting PSAs’ performance necessitates the formulation process. Common formu-
lation processes are emulsion, solution, and hot-melt in PSA industry. The emulsion process is
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frequently used for water-borne acrylics, which polymerizes polyacrylates through emulsion as-
sisted by surfactants in water. All necessary additives are added and the formulation is coated
on the backing films subject to drying.61 Instead of using water, the solution process utilizes or-
ganic solvents to homogenize elastomers and additives. The pros of the solution process is the
less energy requirement for drying PSAs compared to the emulsion process. However, the solu-
tion process is considered as less environmental friendly due to the possible emission of harmful
organic vapors. The more environmental friendly process, the hot-melt blending is used for non-
crosslinked elastomers. These elastomers and additives are heated above Tg for blending and
coated on the backing films.62 The challenge of this process is the stability of elastomers under
high heat. For example, if the PSA is prone to further cure at high temperature, the unexpected
curing may lead to tack decrease.
The efficacy of PSA formulations is evaluated by its application performance tested via tack,
shear, and peel which are directly related to its viscoelastic properties.63 When formulating PSAs,
considerations address on the balance of the three characteristics. Common tack tests includes
prob tack test64 and loop tack test65 which evaluates the tackiness by the removing resistance
after immediate contact with the adherend. A nice tacky PSA flows and wets the perhaps non-
smooth adherend. From viscoelastic point of view, these abilities come from its low G′ at the
bonding frequency (∼ 1 rad/s).64 The shear test often involved PSAs withholding certain weight
in shear direction.66,67 The evaluation thus accounts for the withholding duration which requires
PSAs of enough modulus in the creep region (<< 1 rad/s) before failure. The peel performance is
tested by peel tests with various peel angles and peel rates. The peel adhesion is determined by
both G′ and the loss modulus (G′′) at the debonding frequency (∼ 435 rad/s). The PSA should
display superior resistance to peeling from dissipating energy while keeping enough self cohesion
from its elasticity.56 Depending on how PSA fractures from the adherend, two failure modes may
take place as shown in Figure 1.5. The cohesive failure is defined as residual adhesives are left on
both adherend and backing film after peeling resulting from the low G′ of PSAs. Nevertheless,
when the adherend is left clean after peeking, PSA fails adhesively such that the fracture starts
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from the interfaces between the adherend and PSA rather than within the adhesive itself. These
features can be found in PSAs of different applications. Permanent tapes such as packing tapes
can fail cohesively but with high peel adhesion. However, Post-it R© notes used as the removable
PSA should have adhesive failure with moderate peel adhesion.
Figure 1.5. Different failure modes during peel tests68
To connect different applications with viscoelastic properties of PSAs, Chang introduces the
viscoelastic window as illustrated in Figure 1.6 which guides the development of PSA formula-
tions. Chang suggests that G′ and G′′ of ω = 0.01 and 100 rad/s at the application temperature are
suitable for identifying the characteristics of elastomers since ω = 0.01 and 100 rad/s correspond
to the bonding and debonding frequency, respectively. Elastomers are thus categorized into five
types. Except elastomers in quadrant 1 featuring high modulus and low dissipation which do not
have proper PSA application, elastomers of the other four types are widely used in our daily life.
While elastomers in the central region are ideal for miscellaneous applications, the rest elastomers
have their own benefits. Elastomers in quadrant 3 have relatively low G′ and G′′ fit the removable
PSA applications such that Post-it R© notes are not super sticky but do not transfer residual adhe-
sives onto the adherend. In contrast, elastomers in quadrant 3 and 4 have higher G′′ indicating
higher peel adhesion. The softer feature (relatively low G′) enables the cold temperature PSA in
quadrant 4 to retain enough tack for at lower temperature. The high shear PSA in quadrant 2 has
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both high G′ and G′′ providing the highest peel adhesion among the four types. This type of tape
also shows good creep resistance and is often used as the permanent tape.
Figure 1.6. Viscoelastic widow evaluation of PSAs for different applications69
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CHAPTER 2. EXPERIMENTAL
This chapter will cover the major synthesis technique, radical polymerizations, and then go
through the characterization techniques involved in this dissertation. The topic of radical poly-
merizations will start from the free radical polymerization following by the controlled radical
polymerization and reversible addition-fragmentation chain transfer (RAFT) polymerization. The
characterization techniques include small angle X-ray scattering, gel permeation chromatography,
transmission electron microscopy, dynamic light scattering, and rheology.
2.1 Radical Polymerization
Radical polymerization propagates polymer chains via sequential addition of vinyl groups
by radicals, which is a type of chain growth polymerization. This type of polymerization has
been used for decades and is a highly mature technique for petroleum-based monomers polymer-
ization such as styrenes, (metha)acrylates, vinyl amides, and so on. The polymer architectures
vary from linear to branched depending on the functionality of monomers used. Propagated by
radicals, radical polymerization is generally carried under oxygen-free environment without any
anti-oxidant.
The basic mechanism of conventional free radical polymerization (FRP) is shown in Figure 2.1.
FRP contains three steps that are initiation, propagation and termination. At initiation step, an ini-
tiator is required to activate radicals. Depending on how radicals are activated, common initiators
include thermal initiators such as Azobisisobutyronitrile (AIBN), dicumyl peroxide, and photoini-
tiators like benzophenone and Ferrocene. When activated, the initiator decomposes and generates
free radicals. These free radicals then attack the vinyl groups on monomers. Noted that the initi-
ation efficiency depends on the initiator and monomer species and is usually not 100%. The acti-
vated monomers transfer the unpaired radical to another monomer by forming a carbon-carbon
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bond, which begins the propagation step. The propagation repeats and polymer chains grow un-
til the termination happens. Termination contains two kinds of mechanism on polymer chains:
recombination and disproportionation. Different monomers favor one over another depending
on their species, such that styrene prefers recombination while methyl methacrylate prefers dis-
proportionation. Recombination happens when two active polymer chains bridge together, form
a covalent bond and thus lose its activity. As an active radical disproportionates onto the other
active polymer chain, a π bond is formed on one of the chain and both of polymer chains lose their
activity.Termination also happens when radicals transfer to the species other than monomers e.g.
the solvent and loses its activity.
Initiation
I2 2I
MI + IM
Propagation
IM + M IM2
M
Mn
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Mx My+ Mx+y
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Figure 2.1. Free radical polymerization mechanism
Though FRP is advantageous due to its low requirement of polymerization environment and
the ease for monomers to undergo polymerization, the lack of controllability of polymerization
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especially limits its further application. Researchers thus developed other techniques to control
radical polymerization.
2.1.1 Controlled Radical Polymerization
Controlled radical polymerization (CRP), a polymerization category has the "living" character-
istic, is popular in recent decades due to its ability to produce well-defined and precise products
with a variety of architectures. If a polymer is prepared by CRP, one is able to re-initiate the re-
action after the previous polymerization has ceased and polymer chain will continue to grow. A
polymerization considered as controlled and living should have characteristics listed below, ac-
cording to Szwarc and Darling et al.1,2
1. The termination step is suppressed.
2. The conversion of monomers is directly proportional to molecular weight.
3. Polymers generally have narrow molecular weight distribution.
Common families of controlled radical polymerization include: radical addition-fragmentation
chain transfer (RAFT) polymerization, atom transfer radical polymerization (ATRP), and nitroxide-
mediated polymerization (NMP). Herein we will focus on RAFT in the next section.
2.1.2 Reversible Fragmentation-addition Chain Transfer (RAFT) Polymerization
Similar to FRP, the only difference in RAFT polymerization is the introduction of chain trans-
fer agent (CTA) into the system. The structures of CTA are shown in Figure 2.2, devepoled by
Moad and coworkers.3–5 The key component in CTA is the thiocarbonylthio group along with the
R, leaving group, and Z, control group. The equilibrium mechanism of CTA in polymerization
is illustrated in Figure 2.3. By establishing a fast equilibrium with active polymer chains, CTA
participates in propagation step while other steps follow the conventional FRP. When the radical
of polymer chains attack the sulfur on CTA, the weak bond between R and the thiocarbonylthio
group allows R to leave and keep and radical either in the resonant structure or create a new rad-
ical R⋅ and leave polymer in dormant. The new radical then propagates with monomers to form a
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new polymer chain. Thanks to the fast equilibrium, the active radical concentration in the system
is low but steady and therefore the polymerization is controlled. Ideally, when all of monomers are
consumed, polymer chains are in dormant and therefore avoid the presence of termination. Due
to this nature, each polymer chain bares one CTA. The theoretical degree of polymerization (DP)
of a RAFT reaction is the molar ratio between Monomer and CTA. One is able to harvest product
to desired molecular weight through simply stopping the reaction at adequate conversion if the
reaction is well-controlled.
S Z
S
R
S Z
S
R
SZ
S
R
S R
S
Z
SR
S
Z
S S
S
R R
1 2 3 4
Figure 2.2. Basic skeletons of different types of CTA: classic structure of CTA 1; difunctional CTA coupling through Z
groups 2 and coupling through R groups 3; and telechelic CTA 4.
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Figure 2.3. Radical equilibrium between CTA and polymer chains during propagation
How do the structure of R and Z group affect RAFT polymerization? The controllability of
chain transfer agents toward various classes of monomers rely on different R and Z groups. While
R groups detach and re-attach to polymer chains during reaction, Z groups help to adjust acti-
vation and deactivation rates of R groups by controlling the reactive C-S bonds. Common CTAs
include dithioesters, xanthates, trithiocarbonates, and dithiocarbomates.3–5
RAFT polymerization features CTA remaining dormant in the polymer chain, which bene-
fits subsequent polymerizations with other monomers to provide block copolymers with differ-
ent structures. Block copolymers can be formed by the sequential addition of monomers or by
re-initiation of macromonomers (the homopolymers baring CTA) with monomers in a step-wise
fashion. Most studies covered in this dissertation take advantages of the living characteristic of
RAFT polymerization to prepare block copolymers containing poly(styrene-block-acrylated epox-
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idized soybean oil) (PS-PAESO), poly(methyl methacrylate-block-acrylated glycerol) (MMAAG),
poly(isobornyl acrylate-block-solketal acrylate-block-isobornyl acrylate) (IBASA), and poly(styrene-
block-n-butyl acrylate) (PS-PnBA). While regular CTAs only have one reactive end group thus dif-
ferent blocks are added successively, telechelic and difucntional CTAs possess two reactive group
and therefore benefit synthesis aiming multiple blocks with less steps. Figure 2.2 shows CTA with
different structures. For difunctional CTAs, depending on how Z and R groups conjugate, thio-
carbonyl group is present at the center of the polymer chain if Z groups are conjugated, or at the
end of the chain providing that R groups are conjugated. Usually the latter case is preferred since
C-S bond is easier to be cleaved. However, telechelic CTAs only have R groups such that CTA
will be at the center of polymer chains after polymerization. The telechelic CTA is used in IBASA
synthesis to eliminate the synthesis step.
2.2 Gel Permeation Chromatography
Gel permeation chromatography (GPC), or size exclusion chromatography (SEC) is a type of
of liquid chromatography. Instead of using polarity to separate molecules as in common liquid
chromatography, it uses molecular size to fractionate polymers of different molecular weight. As
shown in Figure 2.4(b), dilute polymer solutions are passed through a series of columns packed
with crosslinked gel of different pores sizes.6 Since polymer chains of different chain lengths have
different hydrodynamic radius, the elution time they spend in columns varies. The smaller poly-
mer blobs spend longer time in pores if their sizes allow, while bigger polymer blobs are flushed
out from columns faster since they are too big for some of the pores. After size exclusion separa-
tion, the fractionated polymers are passed through the following detectors to acquire the molecu-
lar weight distribution. Common detectors include refractometry, ultraviolet (UV) detector, light
scattering detector, and viscometer as shwon in Figure 2.4(a). The separation performance de-
pends on the interaction pairs of solvent-polymer and polymer-columns. Common separation
issues are caused by:
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1. Polymer solubility in solvent. If a polymer sample cannot fully solvate in the solvent, the
entire or partial sample might be filtered out resulting in data not detectable or skewed toward
smaller molecular weight.
2. Undesirable polymer-column interaction. Sometimes the tested sample has a too strong
interaction with the column stationary phase. In other words, the polymer blobs bind with pores
which leads to no or poor separation, which is common in aqueous systems or polymers con-
taining hydroxyl groups. Generally, this problem can be ameliorated or solved by adding metal
salts in the mobile phase, e.g. lithium chloride or lithium bromide for dimethylformamide, and
monopotassium phosphate in water.
3. Polymer sample out of the effective molecular weight range of columns. Each column has
its own effective molecular weight range determined by the packing. Either polymers being too
big and therefore being quickly flushed out or being too small and coming out at the same time
with the solvent will not give trustworthy results. The non-ideal separation behavior can be seen
in the head and tail part of the broken line of Figure 2.4(c).
Except light scattering which gives the absolute molecular weight, results from other detec-
tors have to be calibrated by a series of polymers with known molecular weight as shown in
Figure 2.4(c).7 The refractometer differentiates samples out from eluent by comparing the dif-
ference in refractive index. It is a mass-sensitive detector such that its signal is directly related
to the concentration and gives the number-average molecular weight (Mn). Similar to the re-
fractometer, an UV detector differentiate samples by the absorbance of polymer chromophores.
Additionally, the viscometer takes the intrinsic viscosity (η) of the polymer into account. The
viscometer differentiates polymers by the pressure change between solvent and polymer due to
the viscosity difference.8 The viscometer sees the polymer as a product of η M , where M is the
molecular weight. Assuming the elution time is the characteristic of columns, we can obtain the
viscosity-average molecular weight.9 In contrast, the light scattering detector determines the ab-
solute weight-average molecular weight (Mw) for polymers. By comparing the excess intensity
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scattered by polymers, the obtained Rayleigh ratio can be used to determine Mw at dilute condi-
tion.10
(a)
(b) (c)
Figure 2.4. (a) Conventional gel permeation chromatography setting with light scattering detector, vismometer, and
refractometer11 (b) The separation mechanism of size exclusion column. 12 (c) The exemplary calibration curve. VR is
the retention volume.13
For linear polymers the above separation mechanism generally works well as the hydrody-
namic radius is a monotonic function of the molecular weight. However, for branched and hyper-
branched polymers this mechanism is weakened since the hydrodynamic radius and the molecu-
lar weight is no longer linearly related. Though the results from light scattering are supposed to be
in the absolute scale, the shortage of separation columns to fractionate these non-linear polymers
aggravates the results. The retardation of branched polymers fractionated in columns becomes
severer with increasing degree of branching. Such mechanism is not well understood but the
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proposed reason includes the presence of microgels, stronger interaction between columns and
branched polymers, and adsorption.14 This retardation leads to negatively-deviated molecular
weight even when using the light scattering detector.
2.3 Small Angle X-ray Scattering
X-rays are electromagnetic radiation with the wavelength of 10−2 - 10−2 Å. As X-rays penetrate
an object, they interact elastically or inelastically with atoms in the object and scatter out. The
scattered X-rays interfere with each other and thus show the structural information depending
on the wavelength and X-ray scattering angle (2θ) from the penetrated object. Small angle X-ray
scattering (SAXS), which 2θ is usually less than 5o, reveals the structural information from several
nanometer to submicron scale. Researchers investigating soft matters take advantage of SAXS
since their objectives meets the observation scale almost perfectly.
(a)
(b)
Figure 2.5. (a) Common X-ray instrument setting15 (b) Ewald sphere16
A typical SAXS instrument setting is illustrated in Figure 2.5(a). Monochromatic X-ray, the
single wavelength beam, passes through the collimator to yield the near-parallel beam. This beam
then penetrates through the sample and the scattered beam is collected by the detector. The wave-
length of X-ray is determined by the target metal source in in-house facility. The most common
example is the Copper Kα radiation which gives the X-ray with the wavelength (λ) of 1.5407 Å.
X-rays generated from the synchrotron centers feature the much higher flux and more adjustable
wavelengths to reduce the experiment time and enable in-situ experiments or studies required
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dilute solution conditions. The sample-to-detector distance can be tuned so that the sensitivity
and 2θ range are different. After X-ray penetrates through the specimen, it scatters at different 2θ
angle, which can be described by the Ewald sphere as shown in Figure 2.5(b). The specimen is
placed at point O and is 2π/λ apart from the origin (O’) of the scattering vectors Q. Q is defined as
Q = kout − kin (2.1)
where kin and kout are incident and scattered X-ray, respectively. The scattering vector quantity
(q) is defined as
q = ∣Q∣ =
4π sin θ
λ
(2.2)
As a type of spectroscopy techniques, the measured scattered intensity carries the information
after the Fourier transform in the reciprocal space. However, the actual useful information is
written in the electron density distribution of the specimen in the real space. The measure intensity
I(q) can be defined as15
I(q) = ∣A(q)∣2 = ∣P (q) ∗Q(q)∣2 (2.3)
where A(q) is the amplitude of scattered X-rays; P (q) is the structure factor in reciprocal
space; and Q(q) is the form factor in reciprocal space. The Fourier transform of P (q) and Q(q)
in real space is p(r) and q(r), respectively. The form factor represents the information from the
geometric shapes. The structure factor accounts for the Bragg lattice and interaction between
geometric shapes. Since the measured I(q) cannot preserve both real and imaginary parts, the
phase information is lost.16 Thus the analysis of SAXS spectra usually requires suitable model
fitting or calculation to transform or compare the information back to the real space.
Polymer chemists use Bragg relationship to determine the periodic microstructures in bulk and
thin film block copolymers. Depending on the scattering from different crystallographic planes,
scattering peak ratios of common microstructures in block copolymers are listed in Table 2.1. Since
SAXS features the interference of X-rays, only periodic structures are able to construct the signals.
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SAXS and transmission electron microscopy are therefore commonly used in correspondence to
demonstrate the periodic microstructures in both real and reciprocal space.
Table 2.1. Scattering peak ratios of common microstructures in block copolymers
Microstructure Scattering peak ratio
Lamellae 1 ∶ 2 ∶ 3 ∶ 4...
Hexagonal cylinder 1 ∶
√
3 ∶
√
4 ∶
√
7...
FCC sphere 1 ∶
√
2 ∶
√
3 ∶
√
4...
2.4 Transmission Electron Microscopy and Sample Preparation
Transmission electron microscopy (TEM) provides micrographs in scale between microns and
several angstrom in real space. By emitting high energy electron beams (∼ 100 keV ) through
an ultrathin specimen, the bright-field micrographs are acquired by collecting the transmitted
electrons.17 To ensure enough signals for the CCD camera, the thickness of specimen is usually
less than 100 nm. The image quality is highly dependent on the specimen’s electron density. For
instance, heavier atoms like metals are generally easier to focus under TEM. For soft matters such
as polymer and biological specimens, heavy metal staining is often required to improve the image
quality.
In polymer field, there are two main methods to prepare TEM specimens. The first one is
ultra-cut polymers with the help of microtone. Polymers are sliced into ultrathin sections at room
temperature or under cryogenic condition depending on their glass transition temperature. Poly-
mers at working condition should be stiff enough to be cleanly sliced by the diamond knife but not
too much to avoid smashed sections. Therefore, thermoplastic elastomers and rubbers usually are
prepared under cryogenic condition to obtain enough stiffness. The second method is suspending
polymers into solution and subsequently coating the polymer solution onto carbon grids.
Block copolymer specimens, if only contains carbon, hydrogen, and oxygen, are stained by
heavy metal before imaging to create enough electron contrast between different blocks. Poly-
mers contain heavier atoms such as silicon or phosphorus in one of the block may be imaged
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directly without staining. Common staining agents in the polymer field are osmium tetroxide
(OsO4), ruthenium tetroxide (RuO4) and iodine.18 Specimens are stained by the heavy metal va-
por to avoid the direct contact with the staining agent. Staining agents are commercially available.
However, their staining efficiency varies due to the instability from their evaporating nature. One
way to ensure reliable quality is preparing the staining agent on-the-go in the lab. Trent et al. re-
ported a method to prepare concentrated RuO4 solution by mixing ∼ 10% sodium perchlorate with
ruthenium chloride.19 Being volatile, highly reactive and a strong oxidant, concentrated RuO4 so-
lution requires special precautions and disposal procedures during handling.
The staining agents often selectively attack different functional groups. The staining mech-
anism is mainly determined by the affinity between the agent with different polymer blocks.
For example, OsO4 preferably stains the unsaturated vinyl groups conjugating through covalent
bonds such as the repeating units of isoprene and butadiene. Moreover, RuO4 binds polymers
through both diffusion and covalent bonds. Hence many functional groups like aromatic rings,
ether bonds, vinyl groups have certain degree of binding toward RuO4.
2.5 Dynamic Light Scattering
Dynamic light scattering (DLS), or photon correlation spectroscopy (PCS) is a technique to
detect the size of particles in solution through Brownian motion. The monochromatized light
scatters when it interacts with the randomly walked particles in the diluted solution. The scattered
light interferes and results in the fluctuation of the net intensity in time.20,21 The collected intensity
(I(t)) can be expressed by the autocorrelation function. The normalized autocorrelation function
(g2(τ)) is written as
g2(τ) =
< I(t)I(t + τ) >
< I(t) >2
(2.4)
where I(t) is the scattered intensity at an arbitrary time t; and I(t + τ) is the scattering inten-
sity after a delay time τ . Since the intensity fluctuation is due to the Brownian motion of particles,
the autocorrelation function is correlated to the diffusion coefficient of particles. Figure 2.6 illus-
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trates how the size of particles affect the DLS analysis. The autocorrelation function thus can be
correlated with the diffusion coefficient (D) and expressed as
[g2(τ) − 1]0.5 = Ae−Ds
2τ
+B (2.5)
s =
4nπ
λ
sin θ (2.6)
where A is the amplitude of the autocorrelation function; B is the background; and q is the
scattering vector, which is almost identical to the q from equation 2.2 but takes the refractive index
(n) of the solution into account.
For polymers, the hydrodynamic radius (Rh) can be obtained from the Stokes-Einstein equa-
tion as22
D =
kT
6πηRh
(2.7)
where k is the Boltzmann’s constant; η is the viscosity of solvent; and T is the temperature in
Kelvin. By operating the inverse Laplace transform onto the autocorrelation function, the value
of diffusion coefficient can be obtained. In reality, particles are polydisperse and each of them has
its own diffusion coefficient. Thus different fitting methods are developed to account for the size
distribution of particles. Data reported in Chapter 3 used the non-negatively constrained least-
squares (NNLS)23 method in Zetasizer software (Malvern) to analyze Rh of polymers. NNLS
method models a broad monomodal distribution or multimodal distributions. The NNLS method
appropriately describes the size distribution of the branch polymer systems, which the broad dis-
tribution comes from the crosslinking of polymers.
2.6 Rheology
Rheology is the science of the deformation and flow behaviors of an object under stress.24
Rheology is important in polymer science since polymers have both solid-like and liquid-like be-
haviors, the viscoelastic behavior, in the meantime. The studies of rheology on polymer melts
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Figure 2.6. The influence of particle size on scattered intensity and the corresponding autocorrelation function 20
can understand not only the responses of materials at different temperature and frequency but
also their structural information. To study the viscoelastic behavior of polymer melts, one of the
common instrument used is the rotational rheometer with parallel plates or cone-and plate ge-
ometries. This type of instruments detects the stress responses by controlling the strain, strain rate
or oscillation frequency.
Figure 2.7(a) displays the experiment setup for an oscillation shear experiment. Polymer sam-
ple disk is clamped between two parallel plates and have a good contact with plates. The instru-
ment then gives a sinusoidally oscillatory strain (γ) as
γ(t) = γ0 sin(ωt) (2.8)
The responding stress (σ) of polymers can be expressed as
σ(t) = σ0 sin(ωt + δ) (2.9)
σ(t) = γ0[G
′
(ω) sin(ωt) +G′′(ω) cos(ωt)] (2.10)
where γ0 and σ0 are the strain and stress amplitudes, respectively; δ is the phase shift, the
phase difference between the given and responding signals; and the storage modulus G′ and loss
modulus G′′ represents the elastic solid and viscous liquid parts, respectively. If a material is fully
elastic and follows Hooke’s law, δ will equals zero. The detail of the strain and stress relationship is
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depicted in Figure 2.7(b). Ascribed to the completely out-of-phase feature of G′′, this term is used
to describe the dissipation caused by the viscous liquid. Therefore a commonly used parameter,
the loss tangent (tan δ) is defined as the ratio of lost to stored energy and expressed as25
tan δ =
G′′
G′
(2.11)
(a)
(b)
Figure 2.7. (a) Oscillation shear experiment setup using parallel plates. (b) The stress response (σ) of a sample to a
sinusoidal shear strain (γ)25
The simplest physical picture of the viscoelastic behavior can be described by the Maxwell
model, which uses the dashpot and spring connected in series to represent material responses
to forces as shown in Figure 2.8(a).26 The dashpot represents as the Newtonian fluid with the
viscosity η while the spring acts as the Hookean solid with with the elastic constant G. When
subject to the force −F , the unit displacement is D consisting of D1 from the spring and D2 from
the dashpot. Hence G and η can be expressed by
G = −
F
D1 −D0
(2.12)
η = −
F
dD2/dt
(2.13)
where D0 is the original length of the spring. To combine the influence from the spring and
dashpot, the deformation rate can be expressed as
dD
dt
=
d
dt
(D1 +D2) = −[
1
G
dF
dt
+
F
η
] (2.14)
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If the force and dD/dt are replaced by the stress and strain rate, equation 2.14 can be rewritten
as
dσ
dt
+
σ
τ
= −
η
τ
γ̇ (2.15)
where τ = η/G is the relaxation time of the Maxwell model. The value of τ determines the
characteristic of a system since the material is prone to the Newtonian liquid with a very large τ
and the Hookean solid with a tiny τ .
However, a single relaxation time is not enough to describe the viscoelastic behavior of poly-
mers. Since polymers have long chains, there are multiple intermolecular and intramolecular
motions in different scale. Therefore, to precisely interpret the viscoelastic behavior of polymers,
the model with multiple relaxation times is introduced. Figure 2.8(b) is the generalized Maxwell
model which conjugates several dashpot-spring units in parallel for the different modes of motion
in polymers.
Figure 2.8. (a) Maxwell model and (b) generalized Maxwell model by connecting several dashpot-springs in parallel 26
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Besides the generalized Maxwell model, another way to access polymers’ characteristic of mul-
tiple relaxation times is through the Boltzmann’s superposition principal. This principal assumes
that at small strain, the stress response at time t is linearly proportional to the strain given at an
earlier time t′.26 In other words, the strain history is "memorized" by polymers within the small
strain region, which is also called the linear viscoelastic region of polymers.27
There is another useful superposition, the time-temperature superposition (TTS), in the inves-
tigation of polymer rheology. Suggested by Ferry, this superposition assumes that all viscoelastic
behaviors of polymers are equally temperature-dependent such that the temperature change of a
measurement shifts the data regarding to time or frequency in the horizontal axis.24,28 This fea-
ture benefits researchers since acquisition longer than 104 s is practically inaccessible for the daily
measurements. The shift factor aT is thus introduced to shift the relaxation times according to a
reference temperature T0 as24
τi(T ) = aT (T )τi(T0) (2.16)
There are several empirical equations intended to describe the shift factor. The William-Landel-
Ferry (WLF) equation29 is a popular one among them for describing polymer melts such that
log aT =
−C1(T − Tg)
C2 + T − Tg
(2.17)
where the constants C1 and C2 are the characteristic values of polymers, and Tg is the glass
transition temperature.
The introduction of Boltzmann’s superposition and the time-temperature superposition en-
ables the construction of the master curves of polymers, which gives the insight of the full re-
laxation properties of polymers at different temperature and frequency. The master curves help
understand intermolecular and intramolecular motions such that researchers are able to identify
polymer architectures, self assembly and more. For example, the master curve plays an important
role in pressure sensitive adhesives serving as the formulation guidance.
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Figure 2.9(a) is the master curve of a poly(styrene-block-acrylated epoxidized soybean oil) (PS-
PAESO) block copolymer, which reveals different relaxation mechanisms. The glassy solid feature
of polymers is revealed at high frequency region (> 103 rad/s) such that G′ > G′′. As frequency
decreases polymers enter a glass transition region (100 − 102 rad/s) such that G′′ > G′. There
exhibit two plateau, the one around 10−1 rad/s and another one around 10−5 rad/s, which can
be clearly distinguished from the minimum of tan δ. The medium frequency plateau is resulted
from the physical entanglement of main chains while the low frequency plateau is ascribed to the
physical resistance from block copolymer self-assembled microstructures. At frequency slower
than these two regions, polymers reach the terminal region and fully relax out like the viscous
liquid.
The storage modulus of the medium frequency plateau is defined as the entanglement plateau
modulus (G0N ) which is the characteristic of polymer chemical structures. Thus G
0
N value is not
related to the molecular weight of a specific sample. From G0N we can define the entanglement
molecular weight (Me) of a polymer as28
Me ≡
ρRT
G0N
(2.18)
where ρ is the density of the polymer at temperature T and R is the Bolzmann’s constant.
There is also another experimental definition about polymer entanglement, which is the critical
entanglement molecular weight (Mc). The entanglement takes place when a polymer chain crosses
an arbitrary plane three times as depicted in the inset of Figure 2.9(a). The molecular weight of
this length of polymer is Mc. Thus polymers of molecular weight below their Mc are untangled
and do not reveal the entanglement plateau in the master curves. The relationship between Mc
andMe is generally considered asMc ≌ 2Me,24 though Fetters et al. argued that the ratio between
Mc and Me varies with polymer chemical structures.30
Moreover, the extra plateau shown in the low frequency region in Figure 2.9 is the character-
istic of block copolymer self assembly. Since the microstructures create the additional physical
resistance which acts just like the chain entanglement, overcoming this resistance results in ex-
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tra relaxation process. The slope of G′ at this region is directly related to the microstructures.
The slope of 1/2, 1/3, and 0 indicates lamellae, cylinders, and spheres or other 3D networks, re-
spectively; while a slope of 2 follows the normal termination behavior suggesting the absence of
microstructures and thus a disordered phase.31
Figure 2.9. (a) A representative master curve of PS-PAESO block copolymer. The inset illustrates entanglements of
polymer chains. Polymers require to have enough chain length termed as the critical entanglement molecular weight
(Mc) is displayed in bold line to form entanglements. 32 (b) G′ for different microstructures at the frequency region lower
than the entanglement plateau G0N .
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CHAPTER 3. GELATION SUPPRESSION IN RAFT POLYMERIZATION
A paper accepted by Macromolecules
Fang-Yi Lin, Mengguo Yan, and Eric W. Cochran
3.1 Abstract
In this chapter we extend the understanding of gelation suppression in reversible addition-
fragmentation chain transfer (RAFT) polymerization in systems with long primary chains and
high crosslinker content, regimes which have been mostly overlooked to date. Using a model
methacrylate system the gel point, apparent propagation rate constants and polymer architec-
tures are seen to vary in a systematic fashion. By combining our experimental data with several
related studies, we introduce a new phenomenological parameter, the “crosslinking tendency”,
that incorporates monomer concentration and excess functionality to universally describe the ex-
tent of gelation suppression in both RAFT and ATRP controlled radical polymerization systems.
Below a threshold value of “crosslinking tendency,” intramolecular crosslinking is dominant and
macro-gelation is strongly suppressed; the suppression effect common to all controlled radical
polymerizations deteriorates as intermolecular crosslinking becomes more prevalent. This frame-
work accounts for reported macro-gelation behaviors in systems ranging from small monofunc-
tional monomers contaminated with trace amounts of difunctional crosslinker to polymerizations
of concentrated multiply acrylated epoxidized soybean oil. The ability of the crosslinking ten-
dency to quantitatively account for a broad range of RAFT and ATRP systems suggests that fac-
tors such as monomer architecture and details of activation/deactivation mechanisms may play
only a secondary role in gel point suppression.
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3.2 Introduction
Branched and highly branched, often referred to as hyperbranched, polymers consist of a net-
work of sub-chains stemming from the “primary chain.” Multifunctional monomers, or “crosslink-
ers,” cause branching; the gel point is the state in which branched chains interconnect to form an
infinite network, at which point the polymers can neither be solvated nor processed thermally.
With their networked architectures, branched polymers are useful in separations as membranes
and chromatography materials.1 Branched polymers also have wide applications as adhesives
and additives due to the residual functionality that offers the capability of curing after application
to enhance the mechanical strength.2 To have enough mechanical strength for these type of appli-
cations, these polymers must have some minimal molecular weight. However, the introduction
of crosslinker readily creates a situation in which the infinite network forms abruptly, making it
difficult to design a polymerization that yields non-oligomeric yet finite branched polymers.
A better understanding of the branching process is therefore needed to elucidate the synthesis
of branched polymers that meets industrial application criteria. The classical treatment consider-
ing infinite network formation was the gelation theory by Flory for step growth polymerization.3
With the contemporary hypothesis of the rare instantaneously active radicals on a chain relative
to other dormant groups, Stockmayer adapted this work to chain growth polymerization.4 Two
key assumptions are included in this theory: firstly, crosslinkers can only form bridges between
intermolecular chains in a random manner; and secondly, different functional groups are equally
reactive. The ideal infinite network is thus formed when there is only one branch point per chain.
However, several studies have large deviations from Flory and Stockmayer (F-S) theory. For ex-
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ample, Matsumoto et al. showed that gel conversion, the vinyl conversion at the gel point, can
be five times larger than the theoretical gel point in a free radical polymerization (FRP) system
when there is a chain transfer agent.5 This phenomenon, termed gel-point suppression, has also
been observed in FRP of styrenes and methacrylate systems.6–9 Gel-point suppression is thought
to be caused by the intramolecular crosslinking of chains during reaction, which adds cycliza-
tions to the local chain architecture without contributing to the formation of the infinite network.
A major research effort in gelation studies aims to approach the theoretical prediction and pro-
vide appropriate explanations for the onset of suppression. Matsumoto suggested three possible
causes of gelation suppression: a thermodynamic excluded volume effect of active radicals, a dif-
fusion constraint of chains beyond a certain extent of reaction, and reduced reactivity of pendent
groups, namely residual vinyl groups from crosslinker molecules that have already been incorpo-
rated into the chain.5,9 These factors are not considered in F-S theory, and leads to the formation
of a “microgel” in the early stages of polymerization, in which polymer chains crosslink and gel
in a locally confined region. The microgel grows and eventually crosslinks with other microgels
to reach the (macro)gel-point constituting a heterogeneous network constrained in expanse only
by the reaction volume.8,10
Controlled radical copolymerizations (CRPs) have been considered as a potential way to ap-
proach ideal gelation conditions.7,8 CRP reactions intentionally limit the radical concentration to
suppress termination reactions and provide uniform chain initiation, yielding products with dis-
persity (Ð) nearing unity and molecular weight averages that are proportional to conversion.
Atom-transfer radical polymerization (ATRP)11–14 and reversible-addition fragmentation poly-
merization (RAFT)15–17 are the most-practiced implementations of CRP. RAFT limits radical con-
centration through the introduction of chain transfer agents (CTAs) that readily form stable rad-
ical intermediates, whereas ATRP employs transition metal catalysts to reversibly activate and
deactivate functional chain ends.18 It is believed that in CRP processes, relatively homogeneous
branched networks are formed due to the suppression of intramolecular crosslinking and the con-
comitant formation of microgels.7,8,19 The suppression of microgel formation in CRPs, compared
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to FRP, is evidenced by the significant delay of the onset of Trommsdorff effect, which is the au-
toaccelaration of polymerization as the diffusion of polymer chains is limited.7
The gelation process in CRPs has been discussed through several relevant reaction parame-
ters. Many play some role in the kinetics and final network structures: solvent quality,9 monomer
concentration,20 the amount of thermal initiator used (RAFT-specific),21 temperature, the amount
of crosslinker, the functionality of the crosslinker, the amount of CTA with respect to monomer
and/or crosslinker (RAFT-specific) and the amount of the halide-initiator and catalyst/countercatalyst
(ATRP-specific). Monomer concentration is perhaps the key factor throughout polymerization
chemistry.19,22 The critical “blob overlap” concentration in methacrylate systems has been shown
to delineate intermolecular- vs. intramolecular-crosslinking-dominated behavior.19 Additionally,
the monomer concentration strongly influences the solution viscosity; in concentrated systems,
diffusion-limited conditions develop in the late stages of polymerization, promoting network for-
mation.22 In RAFT polymerization, changing the ratio between the chain transfer agent and the
monomer varies the target molecular weight.23 With increasing CTA concentration the primary
chain length will become shorter and the number of branch points per primary chains will de-
crease. The amount of crosslinker added is a vital factor in the formation of network structure.
Controlling the ratio of CTA to crosslinker is a proven strategy to polymerize a high conversion
product without gelation, although at cost of limited primary chain length. The “Strathclyde
route” keeps the ratio of chain transfer agent to crosslinker around unity to prevent gelation.22,24
The structure of the CTA also plays a role in the retardation of reaction rate.23 Obviously, the
crosslinker concentration controls the evolution of branching and ultimately crosslinking. While
most of the literature keeps the crosslinker to monomer ratio quite small, there have been reports
that increasing its value increases gel-point suppression with respect the F-S theory expectation.5,25
This may be understood by considering that crosslinkers increase the tendency for both inter- and
intramolecular linkages, the latter of which is not accounted for in the F-S treatment.
Beyond basic reaction parameters, the role of monomer architecture on gelation in CRPs is
unclear. Tripathi et al.26 indicated that longer alkyl ester side chains of monovinyl methacry-
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lates significantly slow down the radical propagation through pendent vinyl groups in copoly-
merization with the crosslinker. Crosslinkers with bulky spacer groups are reported to promote
intermolecular crosslinking during polymerization because of the steric hindrance.27 Likewise,
several reports indicate that shorter spacer groups promote intramolecular crosslinking.28–30 How-
ever, Gao et al. found that the crosslinker architecture does not significantly influence gelation.31
In our previous work, we reported that the polymerization of neat acrylated epoxidized soybean
oil (AESO) by RAFT is strongly gelation-suppressed with as high as 85% monomer conversion
achievable prior to macro-gelation.21,32,33 These polymerizations of AESO are a departure from
other CRP/crosslinker systems in a few key ways. Firstly, in contrast to most reports in which a
small amount of di- or tri-functional crosslinker is added to a mono-functional monomer, AESO
bears an average of 2.6 acrylic groups per molecule and was the sole polymerizable species. Sec-
ondly, AESO features a large molecular weight, approximately 1200 Da, comprising a bulky and
flexible structure with over twenty spacer units separating acrylic groups. Finally, the gelation
suppression effect persisted even when large primary chains (over 1 MDa) were considered. These
results further questions regarding the role of crosslinker architecture; e.g., is the bulky structure
of AESO directly responsible for the large degree of gel-point suppression?
Therefore, it is interesting to consider gelation suppression in AESO in the context of several
other studies treating this topic. With a considerable amount of literature focused on gelation
behavior, however, some significant gaps have not yet been filled. Research to date has focused
mainly in the dilute crosslinker regime such that the value of branches per chain is less than unity.
With few exceptions,12,22 the crosslinker to monovinyl monomer is less than 10%. However, gela-
tion suppression is still expected at higher crosslinker levels as we have observed in the case of
pure AESO polymerization. Moreover, in most CRP gelation studies the degree of polymeriza-
tion (DP) is typically less than 100. Nevertheless, (hyper)branched polymers will often require
considerable molecular weight to be useful in applications, and thus there is a need to further in-
vestigate the polymerization of branchy polymers with larger primary chain length. In this Article
we address these gaps though the investigation of gelation suppression in RAFT polymerization
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on small-molecule methacrylate copolymers, in contrast to the bulky AESO monomers treated in
our previous work, focusing on large primary chain size and crosslinker concentration.
3.3 Experimental
3.3.1 Materials
Methyl methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA) were purchased
from Fisher and Sigma-Aldrich, respectively. Monomers were passed through the inhibitor re-
mover column before conducting reactions. Azobisisobutyronitrile (AIBN) as the initiator was
purchased from Sigma-Aldrich and recrystallized by methanol. Cumyl dithiobenzoate (CDB),
which serves as the chain transfer agent in RAFT polymerization, was used as supplied from
Sigma-Aldrich. Phenothiazine and methyl ethyl ketone (MEK) were used as supplied from Aldrich
and Fisher, respectively.
3.3.2 RAFT Copolymerization of MMA and EGDMA
The detailed recipe for each copolymerization reaction is in Table 3.1. The prescribed amounts
of MMA, EGDMA, AIBN, and CDB were mixed in the round-bottom flask and purged under
argon. The MMA to CDB molar ratio was 998, and the AIBN to CDB ratio was 0.3. The reactions
were carried out at 80 oC and stirred at 600 rpm. The kinetics were verified by taking aliquots to
acquire the conversion and molecular weight during the progression of the copolymerization. The
gel point was determined as the time when the vortex generated by the stir bar vanished. Every
entry showed in Table 3.1 was successfully replicated at least three times. Approximately 500 ppm
phenothiazine was added into the aliquot solution to prevent further crosslinking. The products
were crashed by methanol and vacuum dried.
3.3.3 Characterization
Conversions of polymerization were obtained from 1H NMR spectra recorded in deuterated
dimethyl sulfoxide (DMSO) with a Bruker Avance III spectrometer (600 MHz). The molecular
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weight distribution was characterized by an integrated gel permeation chromatography (GPC)
system using chloroform as the eluent. Details of the integrated GPC system are as follows: a
515 HPLC pump and 717 autosampler were obtained from Waters with a chloroform flow rate
of 1 ml/min. Three chromatography columns with the molecular weight distributed between
1,000 and 1,000,000 Da along with a guard column were purchased from Agilent. The system
was equipped with a Malvern 270 dual detector, which contains a viscometer, light scattering
detectors angled at 7o and 90o, and a refractive index detector from Wyatt. The system was cali-
brated by polystyrene triple detection standards obtained from Malvern. Samples were prepared
at 5 mg/mL in chloroform and passed through a 0.45 µm PTFE filter. Aliquots were also redis-
solved in MEK at a concentration of 5 mg/mL for characterization by dynamic light scattering
(DLS). The DLS measurements were carried out on a Malvern Zetasizer Nano ZS with a light
scattering angle of 173o. The filtered samples were equilibrated at 20 oC for 180 s prior to mea-
surement. The size by intensity information was averaged from 5 measurements. Poly(methyl
methacrylate) (PMMA) standards used for comparison in DLS experiments were purchased from
Polymer Laboratories.
3.4 Results
Table 3.1 summarizes the molar ratio of EGDMA to MMA ([DM]/[M]) and the overall vinyl
concentration ([=]) used for different entries. Samples are encoded as DMMX0Y , where X in-
dexes the vinyl concentration and Y indexes the [DM]/[M] ratio. The highest [DM]/[M] is set to
0.5 to account for the influence of a high branching ability on the gelation of the system. The av-
erage gel time (texp,gel) of each entry is listed in Table 3.1. The gel time is shorter with an increase
of [DM]/[M] at constant monomer concentration. This trend is expected since crosslink density
increases as more crosslinkers are involved. When varying the vinyl group concentration at the
same [DM]/[M], the gel time is shorter at elevated concentrations. For entries at 1.0 M (DMM20Y ),
gelation only happens in DMM203. In the most diluted condition of 0.5 M (DMM10Y ), no gela-
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tion takes place in all three entries. This implies that there is insufficient blob overlap for macro-
gelation to occur, and thus only intramolecular crosslinking occurs.
To analyze the reaction kinetics, the vinyl conversion in both MMA and EGDMA are measured
with 1H NMR spectra. EGDMA and MMA monomers are structurally similar with overlapping
signals in the vinyl region of the spectra. However, the composition of two monomers and vinyl
conversion can be resolved through the methoxy signals of MMA and the methyleneoxy signals of
EGDMA in higher concentration entries ([=] > 1.0M ). Figure S1 in Appendix A demonstrates the
accuracy of using these signals to discern between unreacted EGDMA and MMA. methyleneoxy
signals from EGDMA (δ 4.37) and methoxy signals from MMA (δ 3.70) are clear without any over-
lapping indication in Figure S1(a). The integration of these peaks quantitatively determines the
DMM ratio, as validated by a series of EGDMA/MMA mixtures of known composition as shown
in Figure S1(b). These signals were further used to determine the conversion of monomers. Fig-
ure S2 in Appendix A shows an exemplary 1H NMR spectrum from a partially completed DMM
polymerization aliquot. Though signals of vinylic hydrogen (δ 6.04, 5.69) and allylic hydrogen (δ
1.90) from EGDMA and MMA are overlapped in the spectrum, signals are distinguishable from
unreacted and reacted methoxy/methyleneoxy for both EGDMA and MMA. The vinyl conver-
sion of EGDMA and MMA are analyzed from methoxy/methyleneoxy signals at (δ 4.37, 4.17) and
(δ 3.70, 3.57). Using peak deconvolution to account for any peak overlapping, the correspond-
ing conversion of EGDMA and MMA can be obtained. The conversions of EGDMA and MMA
at the gel point (XM,gel and XDM,gel) are listed in Table 3.1. At very dilute vinyl concentration,
especially in higher [DM]/[M] entries, the sensitivity and accuracy of 1H NMR analysis became
limited. Hence the conversions of some entries were not considered in this work. Instead, mass
yields after 24 hrs reaction are reported in Table 3.1 for non-gelled entries to give a surrogate of
the conversion. Though the kinetics are slow at [=] = 0.5 M owing to gelation suppression, the
yield of DMM polymers is at least 40%.
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Table 3.1. The summary of DMM ratio, vinyl group concentration, kinetic data, yield and the estimated gel time for each entry.
Sample code [DM]/[M] [=]
/M
texp,gel
/mina
XM,gel
/%
XDM,gel
/%
XFSg
/%d
1000kM
/min−1e
1000kDM1
/min−1e
1000kDM2
/min−1e
Yield
/% b
tDLS,gel
/minf
∣texp,gel−tDLS,gel∣
texp,gel
/%
DMM101 0.02 0.5 > 1440 > 21b – 16 0.4 – – 40 – –
DMM102 0.2 0.5 > 1440 > 23b – 6 0.3 – – 43 – –
DMM103 0.5 0.5 > 1440 > 13b – 5 – – – 59 – –
DMM201 0.02 1.0 > 1440 > 24b > 11b 16 0.7 0.9 – 42 – –
DMM202 0.2 1.0 > 1440 > 15b – 6 – – – 68 – –
DMM203 0.5 1.0 154 – – 5 – – – – 136.4 11
DMM301 0.02 2.9 281 33c 22c 16 1.5 2.0 0.7 – 277.0 1
DMM302 0.2 2.9 81 8c 6c 6 1.2 1.8 0.7 – 79.4 1
DMM303 0.5 2.9 68 8c 5c 5 1.2 1.4 0.5 – 66.2 2
DMM401 0.02 4.8 131 31c 36c 16 2.8 7.1 1.9 – 136.0 4
DMM402 0.2 4.8 53 11c 10c 6 2.0 3.6 2.1 – 54.1 2
DMM403 0.5 4.8 40 6c 5c 5 1.7 2.6 0.6 – 40.3 4
a 1/10 of the initial amount of initiator was replenished every 8 hr to ensure sufficient active radicals in the system.
b The conversions and mass yields were recorded at 1440 min.
c Gel conversions of MMA and DM are extrapolated to the gel point from kinetic data.
d The theoretical gel point (XFSg ) is calculated based on Equation 3.7.
e The apparent rate constants are calculated only before the replenishment of initiator and based on Equation 3.1 to 3.6 after fitting with experimen-
tal data from 1H NMR.
f The estimated gel time is derived from the extrapolation of inverse hydrodynamic radius versus time from dynamic light scattering.
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The development of the branched architecture throughout the polymerization is first inter-
preted through the molecular weight distribution as measured through GPC. Figure 3.1 shows
the progression of the polystyrene-calibrated number-average molecular weight (Mn) and the
normalized molecular weight distribution in DMM403 and DMM201. The macro-gelation event
is preceded by a rapid increase in the rate of molecular weight growth in DMM403, and is ac-
companied by a corresponding broadening of the molecular weight distribution that becomes
multimodal. In contrast, macrogelation is completely suppressed over 24 h in DMM201; here the
molecular weight grows at a nearly constant rate and the molecular weight distribution remains
monomodal and comparatively narrow.
To assist in the identification of which crosslinking mechanism dominates during polymeriza-
tion, Figure 3.2 plots the polystyrene-calibrated molecular weight versus conversion, Mn(X), for
all entries. In an “ideal” RAFT polymerization comprised solely of monofunctional monomers,
all chains grow pseudo-simultaneously such that the molecular weight is linear in conversion,
Mn,RAFT = M0
[=]0
[CDB]X where X refers to the overall vinyl conversion, M0 the molar mass per
vinyl unit, [=]0 the initial vinyl concentration. In the presence of crosslinkers, Mn(X) is no longer
a linear function; a propagation step that results in a new intermolecular crosslink will dispropor-
tionately increase the molecular weight. In contrast, intramolecular crosslinking will impart no
net change to the mass of the molecule while reducing its hydrodynamic volume due to the new
conformational constraint.21,32,33 For this reason, intramolecular crosslinking causes the Mn(X) to
adopt a concave-down shape and may even give the appearance of a molecular weight reduction
if the contraction of the hydrodynamic volume outweighs other growth mechanisms. Accord-
ingly, the monotonic and positive deviation from linearity evident in Figure 3.2(c,d) is indica-
tive that intermolecular crosslinking outweighs intramolecular crosslinking at medium and large
crosslinker concentration. On the other hand, Figure 3.2(b) shows that for low crosslinker concen-
tration Mn(X) is nearly constant for X ∈ [0.1,0.2], revealing that intramolecular crosslinking are
far more dominant in this regime.
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Figure 3.1. (a) The number-average molecular weight (Mn) of DMM403 (∎) and DMM201 (●) with respect to time. The
zoom-in Mn and dispersity (◯) for (b) DMM403 and (d) DMM201. The corresponding RI response from GPC for (c)
DMM403 and (e) DMM201 entries. The traces of RI response shown here were after peak height normalization.
An important aspect of understanding the progression of crosslinking is the rate of crosslink-
ing reactions compared to the rate of chain growth. Flory-Stockmayer theory treats all reactive
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Figure 3.2. The number-average molecular weight (Mn) versus overall conversion at [DM]/[M] ratio of (a) all entries, (b)
0.02, (c) 0.2, and (d) 0.5. The straight lines indicate the theoretically linear manner of molecular weight versus overall
conversion in RAFT polymerization assuming no branching occurred. Resulting from the low EGDMA conversion at 0.5
M vinyl concentration, the overall conversion in DMM101 and DMM102 trial only took MMA conversion into account.
Symbols in (a) are ∎ [DM]/[M] 0.02, ● [DM]/[M] 0.2, and ▲ [DM]/[M] 0.5. Symbols in (b)-(d) are ∎ DMM401, ∎ DMM301,
∎ DMM201, ◻ DMM101; ● DMM402, ● DMM302, ○ DMM102; ▲ DMM403, and △ DMM303.
sites as equally reactive, which is sensible based on the similar chemical environments. However,
the steric environment of a vinyl group on a small monomer is quite different than that of a vinyl
pendent group, and thus the apparent rate constant may be sensitive to these effects. The tempo-
rally resolved 1H NMR spectra collected from the aliquots in the various polymerization reactions
described in Table 3.1 allows the consumption of vinyl in MMA to be distinguished from EGDMA.
Therefore, we can obtain the kinetic information of each vinyl group in the propagation step by
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considering the concentration of different vinyl species, as shown in Figure 3.3. The activity of the
two vinyl groups in EGDMA is distinguished as follows: as a free molecule, the two vinyl groups
in EGDMA are equivalent and thus have the same reactivity. However, once an EDGMA molecule
joins a chain (reaction 2 of Figure 3.3), the remaining vinyl group becomes pendent on the poly-
mer chain (termed PDM) with a different steric environment. In reaction 3 of Figure 3.3, this PDM
group is consumed to form another branch point. The concentration of PDM is thus governed
by the reaction of both vinyl groups. Since the propagation rate of each monomer is a first-order
relationship with respect to monomer concentration, the consumption of the two vinyl groups on
EGDMA can be identified independently. Therefore, apparent rate constants for each species can
be extracted by least squares fits to these equations describing monomer consumption in these
pseudo-living polymerizations. The depletion of each vinyl group from different monomers can
be expressed as
d[M]
dt
= −kM [M] (3.1)
d[DM]
dt
= −kDM1[DM] (3.2)
d[PDM]
dt
= kDM1[DM] − kPDM [PDM] (3.3)
d[DDM]
dt
= kPDM [PDM] (3.4)
where [M] is MMA concentration, kM is the apparent rate constant of MMA; [DM] is EGDMA
concentration, kDM1 is the apparent rate constant of the first vinyl group in EGDMA; [PDM] is
concentration of PDM, kPDM is the apparent rate constant of PDM consumption, and [DDM] is
the concentration of [DM] with fully consumed vinyl groups. Thus kM and kDM1 govern linear
Pn + M
kM
app
Pn+1
Pm + M
kDM1
app
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O
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Figure 3.3. Propagation steps for different monomer species in the reaction.
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chain extension reactions whereas kPDM the rate of branching or crosslinking. Though this process
includes both intermolecular and intramolecular crosslinking, the magnitude of kPDM with respect
to kDM1 is a good indicator of the efficacy of the crosslinker.
The expression of vinyl conversions of MMA (XM ) and EGDMA (XDM ) through this model is
therefore described as
XM = 1 −
[M]
[M]0
(3.5)
XDM =
[PDM] + 2[DDM]
2[DM]0
(3.6)
where CM0 and CDM0 are the initial concentration of MMA, and EGDMA, respectively.
Least squares fits of the data to the model yield kM , kDM1, and kPDM values as tabulated
in Table 3.1 and plotted in Figure 3.4 with r2 > 0.82. Figure 3.4 shows that the apparent rate
constants are higher under at higher monomer concentration. Under such conditions, i.e. [M] =
4.8 M, higher [DM]/[M] entries show lower apparent rate constants compared to low [DM]/[M]
entries. kDM1 is comparable to or slightly larger than that for consumption of the analogous
vinyl in MMA; kDM2 is consistently 20–50% of kDM1, which strongly suggests that steric factors
significantly influence the effective reactivity of the pendent vinyl groups.
The change in hydrodynamic radius (Rh) throughout the polymerization was characterized
by DLS in MEK. The aliquot samples were redissolved in MEK at 5 mg/mL. The solution is con-
sidered in the dilute solution region since the overlap concentration of methacrylates is reported
as ∼ 10 % w/v.20 Due to the high Ð values, the non-negatively constrained least-squares (NNLS)
method was used to analyze the autocorrelation function, which assumes a broad monomodal or
multimodal distribution of solutes.34 Figure 3.5 shows exemplary R−1h versus the square root of
time for gelled and non-gelled entries. It shows that R−1h is linearly related to time for the gelled
entries. According to Flory, gelation is defined as the point when polymer constructs an infinite
network such that Rh → ∞. Therefore, theoretically when t = tgel,R−1h → 0. The extrapolated gel
time by DLS (tDLS,gel) and the deviation from the observed texp,DLS are summarized in Table 3.1.
tDLS,gel is close to texp,gel, which indicates that the size of polymer from DLS is able to predict the
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gel point and locates the stage of polymerization during the reaction. On the other hand, for non-
gelled entries, Rh does not increase with time after some point in spite of reaction progress. The
inverse Rh of the non-gelled entry therefore can be expressed as an exponential decay function in
the absence of gelation after 24 hrs. This exponential decay expression clearly exhibits the sup-
pression of gelation resulting from the lack of macrogel formation by intramolecular crosslinking.
Figure 3.6 depicts the relationship of Rh with respect to weight-average molecular weight
(Mw). It is noted that Rh are merely grouped by [DM]/[M] but not vinyl concentration since
we realized that Rh is insensitive to [DM]/[M] by linear regression. Figure S3 in Appendix A
gives the example of Rh versus Mw of DMM203, DMM303, and DMM403 entries. The scaling
exponents from the linear regression are roughly identical. Entries denoted in Figure 3.6(b) for
different [DM]/[M] are from DMM201, DMM202, and DMM103. Due to the insufficient fitting
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Figure 3.4. The calculated apparent rate constants of (a) MMA (kM), (b) 1st vinyl group of EGDMA (kDM1), and (c) 2nd
vinyl group of EGDMA (kDM2) at different reaction conditions. [DM]/[M] values of 0.02, 0.2, and 0.5 are illustrated as ,
⊟, and , respectively.
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of the autocorrelation function for particle sizes smaller than 10 nm, results from DMM101 and
DMM102 are omitted. The size of polymers, either Rh or radius of gyration (Rg), is related to
molecular weight to study the state of polymer in solution. In dilute solutions, polymers have
the scaling behavior expressed as Rg ∼ Rh ∼ Mαw . The value of α is dependent on both solvent
quality and polymer structure.18 Table 3.2 summarizes the linear regression results of α and r2 in
Figure 3.6. The reference of linear PMMA standards shows α at 0.52 for this condition. In gelled
entries, α decreases with increasing [DM]/[M]. In non-gelled entries, both [DM]/[M]= 0.02 and
[DM]/[M] = 0.2 entries display smaller α than their gelled counterparts while α remains at 0.4 for
[DM]/[M] = 0.5 entry.
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Figure 3.5. Inverse hydrodynamic radius (R−1h ) versus inverse square root of time (t
−1/2) for a gelled entry (DMM402
◯), and a non-gelled entry (DMM202 ●.) The relationship is linear for the gelled entry while the inverseRh exponentially
decreased and leveled off in the non-gelled entry.
Table 3.2. Summary of the scaling exponent (α) and the corresponding r2 of different trials in Figure 3.6
Gelled Non-gelled
[DM]/[M] 0 0.02 0.2 0.5 0.02 0.2 0.5
α 0.52 0.55 0.47 0.41 0.44 0.35 0.4
r2 0.99 0.94 0.94 0.94 0.98 0.86 0.92
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Figure 3.6. Hydrodynamic radius (Rh) of different DMM ratio versus weight-average molecular weight (Mw) for (a) gel,
and (b) non-gelled trials. Symbols are ◻, ●, ▲, and ⋆ for [DM]/[M] of 0.5, 0.2 ,0.02, and 0, which is linear PMMA,
respectively.
3.5 Discussion
We constructed a model system based on methacrylates to study gelation suppression in branched
polymers with high targeted molecular weight and high crosslinker content. Clearly, both vinyl
concentration and crosslinker content influence gelation. In this section, we discuss gelation sup-
pression from a few different perspectives: first, the role of reaction kinetics on gelation is dis-
cussed from the observation of rate apparent constants. Second, the influence of crosslinker con-
tent on branched polymer structures and the subsequent solution behavior are discussed from the
point of hydrodynamic radius. Third, gelation suppression is examined through the comparison
of gel conversions between theoretical predictions and experiments. Our observations suggest the
introduction of a new parameter, the crosslinking tendency (CT), a phenomenological parameter
that incorporates monomer, crosslinker and reaction condition parameters. Finally, we show that
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the CT well-describes gelation suppression in several systems including those considered in this
study as well as several other multifunctional RAFT and ATRP systems reported in the literature.
It is well-known that the termination step is diffusion-controlled in FRP due to the sluggish
motion of large polymer chains. However, termination is strongly suppressed in CRPs and mass
transfer effects on reaction kinetics are less obvious. However, this is not the case in crosslinker-
contaminated CRP systems. The activation/deactivation of radicals, the key step in CRPs, be-
comes diffusion-controlled since the molecular weight increases dramatically from chain branch-
ing and network formation, especially at the later stages of polymerization.7,35 This implies that
diffusion limitation should become more severe at higher crosslinker content if other reaction pa-
rameters are kept constant. Indeed, the impact of mass transfer effects in our system is readily
apparent through the pronounced reduction in the kM and kDM1 rate constants as the crosslinker
content increases (cf. Table 3.1 and Figure 3.4). A similar effect was reported by Bannister et al.,36
in which crosslinker-containing polymerizations required up to six times longer to reach the same
conversion compared an analogous monofunctional polymerization. The observation of viscos-
ity change is another probe to observe the polymerization. Visual observation confirmed that the
viscosity changes dramatically at near-gelation stage in concentrated entries. Since the reactions
were agitated through magnetic stirring rather than a mechanically driven impeller, mass transfer
limitations should be particularly important in the late stages of polymerization. We suspect that
fluid dynamics play an important role with this regard. It would be worthwhile to investigate on
the impact of stirring/viscosity on reaction kinetics and the subsequent product structures in the
future.
Flory-Stockmayer theory assumes equal reactivity for all vinyl groups; the results in Figure 3.4
show that this assumption is clearly violated for the EGMDA/MMA system in a manner con-
sistent with the gel-point suppression effect. The values of kM and kDM1 are comparable in most
entries, which implies that the reactivity of MMA and the first vinyl group of EGDMA is similar as
would be anticipated based on the chemical similarity. The reactivity ratio of MMA and EGDMA
in free radical polymerization is reported as 0.67 and 1.49, which indicates that the copolymeriza-
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tion of MMA and EGDMA yields nearly random copolymers.37 While our results of kM and kDM1
support the formation of nearly random copolymers, the values of kPDM , which reflect the rate
constant for branch formation, is consistently only 20–50% of the corresponding kDM1 value. Once
EGMDA has been incorporated into a growing chain, its second vinyl moiety remains available to
act as a branch point in a subsequent reaction. Compared to the kDM1 value, the reactivity of the
pendent vinyl group is reduced, which may be accounted for by both kinetic and thermodynamic
considerations. From a kinetically-oriented perspective, the reaction of the first vinyl group re-
quires the impingement of an active polymer radical with a small molecule; this diffusive process
should be expected to occur more quickly than the impingement of an active polymer radical with
a polymer pendent group. Thus the reactivity of pendent vinyl groups is relatively lower due to
mass transfer effects. From a thermodynamic perspective, the “excluded volume effect” describes
the fact that there are fewer conformationally accessible sites on pendent vinyl groups compared
to free molecules.38 Accordingly, the unequal reactivity of vinyl groups in EGDMA violates the
ideal assumptions posed by Flory-Stockmayer theory and contributes to gel point suppression.
Together with the reaction kinetics, the abundance of difunctional monomers controls the
stochastic process of chain branching, which in turn determines the conformational character of
the system. One manner in which this is expressed is through the dependence of Rh on Mw. This
dependence is strongly affected by the [DM]/[M] ratio, reflecting the influence of this parameter
on chain architecture, primarily branch length, or the average chain length between two adjacent
branch points. Since the targeted DP is fixed for all entries, entries with lower [DM]/[M] val-
ues have fewer branch points and thus longer branch length. Polymer chains with longer branch
length are more flexible and approach linearity as the crosslinker species is eliminated. For ex-
ample, at [DM]/[M] = 0.02, α = 0.55, indicative of flexible chains similar in character to perfectly
linear PMMA. The impact of branch length on the scaling behavior was recently demonstrated
by Schmidt et al. by multiscale simulation.39 In their work, four monomers with varied Kuhn
lengths are used to calculate polymer properties as a function of molecular weight using atomistic
Langevin calculations with a coarse-grained bead-and-spring model. They predict that polymers
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with shorter branches have a smaller α value (more globular) in agreement with our findings.
The scaling behavior is also linked to the conformational state of polymers in solution. In flexible
polymers, α equals 0.5–0.6 for freely swollen branched clusters in good solvent and decreases to
0.4 for poorly swollen branched clusters with fractal structure.40 This phenomenon can also be
seen in our study: comparing gelled and non-gelled entries at fixed [DM]/[M] for [DM]/[M] =
0.02 and 0.2, non-gelled entries show a smaller α-value than their gelled counterparts. Resulting
from intramolecular crosslinking, chains are constrained more in non-gelled entries because of the
formation of microgel. The heterogeneity of structures leads to reduced swelling as indicated by
the decrease of α from gelled to non-gelled pairs. For [DM]/[M] = 0.5, α-values for gelled and
non-gelled entries are similar, which may be explained by the more severe degree of branching
present at all stages of polymerization in this system. DMM103 did not gel because of the low
vinyl concentration. Moreover, several simulation studies have shown that for hyperbranched
polymers, the sphere-like conformation gives rise to similar features as of dendrimers, which is
revealed by the scaling behavior of α ≈ 0.33.41,42 The α of 0.35 in DMM202 is consistent with that of
dendrimers, which indicates that polymer chains form a dendritic-like structure in this condition.
The crosslinking mechanism is most closely connected to the vinyl concentration. Studies
have shown that when crosslinker-to-monovinyl monomer ratio of methacrylates is below 0.1,
the critical overlap concentration of MMA gelation suppression is 10 wt% , which corresponds to
vinyl concentration of 1.0 M in RAFT polymerization.19,20 This phenomenon is consistent with our
finding of DMM 201, and even DMM202. The crosslinking effectiveness is improved when more
crosslinkers are involved, therefore the system gels in DMM203, which has the highest [DM]/[M].
The crosslinking mechanism is tightly related to the concentration of the system. Studies have
shown that when crosslinker-to-movinyl monomer ratio of methacrylates is below 0.1, the critical
overlapped concentration of MMA gelation suppression is 10 wt% , which corresponds to vinyl
concentration of 1.0 M in RAFT polymerization.19,20 This phenomenon is consistent with our find-
ing of DMM 201, and even DMM202. The effectiveness of crosslinks is improved when more
crosslinkers are involved, therefore the system gels in DMM203, which has the highest [DM]/[M].
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According to Flory-Stockmayer (F-S) theory, the gel conversion is predicted as4,5,21
XFSgel = (
x[C]0D
[PC]t
)
−0.5
(3.7)
where x is the functionality of crosslinker, [C]0 is the initial crosslinker concentration, Ð is the
primary chain dispersity at time t, and [PC]t is the concentration of primary chains at time t
which theoretically equals the concentration of chain transfer agent in RAFT or initiator species
in ATRP. Since the ratio between primary chain concentration and the crosslinker concentration is
fixed for the same [DM]/[M], in the present work the F-S gel conversion is fixed irrespective of
vinyl concentration. The F-S gel conversions are listed in Table 3.1 assuming primary chains are
monodisperse, and thus slightly overestimate the F-S gel point conversion.
The degree of gel-point suppression is evident in comparison of the experimental and F-S
values. The two-fold increase in gel-point conversions of [DM]/[M] = 0.02 compared to the F-
S values can be largely attributed to intramolecular crosslinking, which consumes surplus vinyl
groups with no contribution to the formation of the infinite network. In contrast to previous
crosslinking studies that explore comparatively low crosslinker content and primary chain length,
the high crosslinker contents and high target DP in the present study far more strongly favors
intermolecular crosslink formation. To facilitate the comparison of several data sets spanning
a broad range of reaction parameters, we introduce a simple phenomenological parameter, the
“crosslinking tendency” (CT). The CT value may be simply viewed as the ratio of the concentra-
tion of excess vinyl content to the number of primary chains per crosslinker:
CT = [Mtot]0(x − 1)
[C]0
[PC]e
(3.8)
Where [Mtot]0 is the initial concentration of monovinyl monomer plus crosslinker, and [PC]e is
the concentration of effective primary chains. The multiplication of first two terms describes the
concentration of pendent vinyl crosslinkers. The last term is inherited from Flory-Stockmayer
gelation theory, which posits that gelation occurs when each effective primary chain bears a
crosslinker. In controlled radical polymerization, [PC]e depends on the concentration of CTA of
RAFT or initiator of ATRP with a correction factor (η) to describe the efficiency of CTA or initiator.
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η is defined as
η =
MWtheo
MWexp
(3.9)
where MWtheo and MWexp are the theoretical and experimental molecular weight of linear poly-
mers, respectively. The concept of the efficiency of radical activation/deactivation was introduced
by Matyjaszewski’s group43,44 in ATRP as the initiation efficiency, which is extended to RAFT here.
The value of η is taken from the literature with the closest reaction condition and reagents to our
best attempt. [PC]e is then defined as
[PC]e =
⎧⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎩
[CTA]η, in RAFT
[I]η, in ATRP
(3.10)
where [CTA] is the concentration of CTA in RAFT; and [I] is the concentration of initiator in
ATRP. The values involved in the calculation of CT are included in Appendix A.
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Figure 3.7. Experimental gel conversions Xg,exp (filled symbols) and Flory-Stockmeyer predicted gel conversions XFSg
(opened symbols) versus crosslinking tendency for this work (▼,▽), our previous work of poly(acrylated epoxidized
soybean oil) (▲,△), other RAFT (◆, ◇) and ATRP (●, ◯) in the literature. 21,43–53 XFSg is calculated based on Equation
3.7. The experimental gel conversions in region I is related to CT by Xg,exp = 141.65 − 60log(CT ) with r2 = 0.85.
Figure 3.7 displays the gel conversions from experiments (Xg,exp) and F-S theory (XFSg ) versus
CT for both ATRP and RAFT systems from literature and the present study, which is labeled as
▼. The data reflect several different choices of chain transfer agent and ATRP catalyst/initiator
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formulations. Data points in Figure 3.7 are grouped into two regions based on the difference
between gel conversions from F-S prediction and experiments. The boundary is placed at 10% gel
conversion difference where CT ≈ 120. DMM301 and DMM401 feature low crosslinker content and
high targeted DP, and thus lie in the low-CT region (region I). These entries have similar gelation
behavior compared to most of those from the literature. Gelation is severely suppressed in region I
due to intramolecular crosslinking. Other data points from this study lie in high CT region (region
II), which may explain why gel-point suppression is significantly reduced. The gelation behavior
of RAFT in region II is seldom reported. The intermolecular crosslinking dominates in region II
with high CT and leads to the more ideal network. It seems that the gel conversion is less sensitive
to CT in region II compared to region I. This finding implies that the gelation suppression is highly
related to the vinyl concentration of the system, which was not accounted for by F-S theory.
The strong linear correlation of Xg,exp vs. logCT in region I using data from several RAFT
and ATRP studies is very suggestive that CT accounts for the most significant parameters con-
trolling the gel point. The data surveyed represent two very different CRP mechanisms, var-
ied monomer/crosslinkers, ATRP catalyst/initiator formulations and RAFT chain transfer agents.
Surprisingly, the ATRP entries in Figure 3.7 are indistinguishable from RAFT entries in region
I where intramolecular crosslinking dominates. This observation implies that the starkly differ-
ent nature of RAFT vs. ATRP does not play a significant role in the gel-point suppression phe-
nomenon. In connection with our previous work, relating to poly(acrylated epoxidized soybean
oil) (PAESO) synthesized by RAFT,21 we found that gel-point suppression was most pronounced
at low vinyl concentration. An unusual aspect with respect to gel-point suppression in this sys-
tem is that it is comprised solely of crosslinker species with x = 2.6. The entries from this work are
summarized in Figure 3.7 as ▲. Our original hypothesis was that the unique monomer structure
of AESO strongly promoted intramolecular crosslinking during polymerization because of the
large flexible AESO arms as compared to systems with smaller and more rigid molecules. To test
this hypothesis, the entries of the present study feature smaller molecules and large crosslinker
concentration. Interestingly, viewed through the perspective of CT-analysis, the PAESO system
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evidently resides in region I where CT strongly correlates to the gel-point suppression and su-
perimposes with several other small-molecule monomer systems. Because CT does not directly
account for crosslinker size or other structural characteristics, we can conclude that gel-point sup-
pression in the PAESO system is actually quite similar to other monomer systems. The bulky
structure of AESO can be accounted for simply through its dilution of the total vinyl concentra-
tion. That is, the spacer groups behave like additional solvent in the system. As mentioned before,
it is controversial how or whether the monomer structures affect gelation suppression. Our find-
ings suggest that the spacer groups do affect the gelation behavior by means of diluting the vinyl
concentration but not necessarily due to any special conformational effect.
The introduction of CT-analysis should thus be useful as a tool to predict the gelation behav-
ior in RAFT and ATRP systems. By calculating CT values, whether the gelation of a system will
be suppressed is predictable. For example the Strathclyde route, a method to prepare soluble
branched copolymers, sets the crosslinker to primary chain ratio near unity. Based on the reaction
conditions reported by Rosselgong et al.54 in both RAFT and ATRP systems, the CT values of the
branched methacrylate copolymers and the corresponding gel conversions predicted by CT (XCTg )
are calculated and appear in Table S5 in Appendix A. The CT values of their results lie in between
1 and 6, which are in the gelation suppression region. According to the linear regression of CT in
region I, the calculated XCTg values are between 98 and 142 %. If the prediction of CT-analysis is
correct, in reality entries of predicted XCTg higher than 100% would not gel while entries of X
CT
g
lower than or equal to 100% would gel. The CT-analysis thus predicts the gelation behavior of 20
out of 22 entries in their system. This example shows that CT is capable of predicting the gela-
tion behavior. CT-analysis will become more robust if the information of more systems and more
controlled radical polymerization methods is introduced in the future. There are several sources
of error that may hinder the ability of CT-analysis to predict a gel-point conversion. Firstly, the
manner in which the gel point is reported varies somewhat among the various published studies.
Secondly, the value of the efficiency factor η is difficult to measure directly in multifunctional sys-
tems and must be estimated based on analogous monofunctional systems. Thirdly, CT discounts
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other parameters that may significantly affect the gelation behavior such as the mass transfer
properties and so on. Nonetheless, CT-analysis does present a simple manner in which several
data sets spanning a broad range of reaction conditions collapse to a single “universal curve” with
semi-quantitative predictive value for gel-point suppression.
3.6 Conclusion
Branched copolymer systems composed of MMA and EGDMA were constructed and polymer-
ized by RAFT to study gel-point suppression, with particular attention to systems featuring high
crosslinker content and long target primary chain length. The polymerization kinetics, polymer
conformational data and gel-point information were measured as a function of vinyl concentration
and crosslinker-to-monovinyl monomer ratio. A simple kinetic model was used to distinguish the
apparent rate constants from different vinyl groups in the system. The difference of apparent rate
constants implies the unequal reactivity of vinyl groups. The comparatively lower value of appar-
ent rate constant from pendant vinyl group of the crosslinker is a consequence of both dynamic
and thermodynamic considerations. The hydrodynamic radius of the polymers was used iden-
tify the current stage of polymerization, determine if the polymerization should gel, and predict
the gelation time. The scaling behavior correlated from Mw and Rh reveals the swellability and
conformation information. Polymer chains with longer branch length show a better swellability,
whereas non-gelled entries generally show reduced swellability and fractal- or even dendrimer-
like structures.
The gelation mechanism is highly related to vinyl concentration governed by overlap concen-
tration, which is about 1 M in our system. The crosslinking mechanism below 1 M is dominated by
intramolecular crosslinking; whereas the presence of intermolecular and intramolecular crosslink-
ing above 1.0 M cause the gelation suppression. As intermolecular crosslinking becomes more im-
portant, shorter gel times and lower conversions at gel point are observed, corresponding to high
[DM]/[M] entries, especially in concentrated conditions. A more homogeneous network is formed
with higher [DM]/[M] where intermolecular crosslinking dominates. The transition between the
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intra- and inter-molecular crosslinking regimes appears to be well-described by a phenomeno-
logical parameter we refer to as the “crosslinking tendency”, CT, which evidently accounts for
the gelation behavior in both RAFT and ATRP systems. A system with high CT-value is domi-
nated by intermolecular crosslinking, whereas a low-CT system is dominated by intramolecular
crosslinking. This work and our previous gelation study in the PAESO system extends the in-
vestigation on gelation behavior in crosslinker-rich controlled radical polymerizations. The large
spacer groups in AESO contribute to gel-point suppression by diluting the vinyl concentration.
CT-analysis appears to semi-quantitatively predict the gel-point conversion through an empirical
correlation although further confirmation is required. Overall, the kinetic data and the structural
information presented herein reinforce the understanding of gelation mechanism in systems of
high degree of polymerization and higher crosslinker content and can be useful in the design of
hyperbranched materials where controlling the gel-point is desired.
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CHAPTER 4. SELF ASSEMBLY OF POLY(STYRENE-BLOCK-ACRYLATED
EPOXIDIZED SOYBEAN OIL) STAR-BRUSH-LIKE BLOCK COPOLYMERS
A paper prepared for Macromolecules
Fang-Yi Lin, Austin D. Hohmann, Nacú Hernández, and Eric W. Cochran
4.1 Abstract
Thanks to the architecture of triglycerides, the unique self-assembly behavior is found in block
copolymers derived from renewable feedstock. In this study we investigate a series of soybean
oil derived block copolymers, synthesized via reversible addition-fragmentation chain transfer
(RAFT), that self-assemble into unusually large microdomains through primary chain extension
in a fashion similar to bottle-brush block copolymers. The polymer architecture of poly(styrene-
b-acrylated epoxidized soybean oil) (PS-PAESO) block copolymers varies from star-like to star-
brush-like thanks to the bulky side chains and hyperbranching caused by the multifunctional
AESO monomer. Brush-like PAESO branches stiffen the primary chain and cause crowding, which
leads to microdomain expansion without paying a severe entropy penalty. The self-assembly
behavior of PS-PAESO is studied by small angle X-ray scattering (SAXS) and transmission electron
microscopy. Moreover, since AESO further cures during thermal annealing process, the thermal
response of PS-PAESO is studied by dynamic shear rheology along with temperature-dependent
SAXS. The curing prevents PS-PAESO from reaching thermodynamic equilibrium and thus the
morphology of PS-PAESO is kinetically trapped with poor long range order. The understanding
of structure-property relationships of this new biorenewable block copolymer gives insights on
designing new polymer architectures which have the potential to be used in novel applications.
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4.2 Introduction
Block copolymers, in which incompatible homopolymers are covalently bonded, phase sepa-
rate at the nanoscale and form different morphologies. Common morphologies in linear AB di-
block copolymer systems include lamellae, hexagonally-packed cylinders, body centered spheres,
cubic networks (gyroids), orthorhombic networks (O70) and close-packed spheres.1,2 The govern-
ing parameters for block copolymer self-assembly are primarily the segregation strength between
the different blocks, denoted as Flory-Huggins interaction parameter χ, the block composition,
and the molecular weight.
Historically, the fundamentals of block copolymer self-assembly were developed with nearly-
monodisperse block copolymers, usually synthesized by anionic polymerization. Since anionic
polymerization only deals with a certain class of monomers, various synthetic techniques such
as controlled radical polymerizations and polycondensation have been adopted to accommo-
date polymers with manifold functional groups. The dispersity (Ð) of polymers is inevitably
increased with different synthetic techniques involved. With increasing Ð of polymers, Leibler
and Benoit first predicted in 1981 that the domain spacing expands in homopolymer blends and
block copolymers using the random phase approximation (RPA).3 This behavior was later ex-
perimentally proven by Lynd and Hillmyer4 and Noro et al.5 Other simulation predictions on
the impact of Ð on block copolymer self-assembly include the shifts of morphology and order-
disorder transitions.6–11 Though quantitative discrepancies exist, these shifts were verified ex-
perimentally in poly(ethylene-alt-propylene)-b-poly(DL-lactide) and polystyrene-b-polyisoprene
(PS-PI) systems.12
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In addition to linear block copolymers, non-linear block copolymers with different architec-
tures can be designed by utilizing various synthetic techniques. For example, non-linear star
block copolymers (AB)n and miktoarm copolymers (AmBn) are prepared by adding linking agents
to linear block copolymers and/or homopolymers. The linking agents serve as the core of these
non-linear copolymers from which polymer chains branch out as arms.13 The self-assembly of
these non-linear copolymers is governed by the number of arms, along with the composition and
molecular weight.14 Both experimental and simulation15–17 results indicate that these non-linear
copolymer morphologies shift with the numbers of arms. For example, Thomas et al. demon-
strated that as the number of arms increases in asymmetric star block copolymers, the morphology
changes from hexagonal packed cylinders to the ordered bicontinuous structure.18,19 The order-
disorder transition (ODT) of these star block copolymers is also affected by the number of arms,
which is evidenced by the decrease of χNODT with increasing number of arms.20 Besides using
linking agents to connect polymers for star block copolymer preparation, another method to syn-
thesize star-like block copolymers is copolymerizing linear homopolymers with multifunctional
monomers.21 Multifunctional monomers, or crosslinkers, are monomers that contain more than
one active site that allows polymer chains to branch during polymerization. Instead of branching
arms from a single core, this type of block copolymer has multiple branching points distributed
stochastically throughout the chain.
The role of crosslinkers in block copolymer self-assembly varies depending on the thermody-
namic and dynamic states in which the crosslinks are formed. When block-selective crosslinks are
introduced in the ordered state, the structure is stabilized; for instance block-selective crosslinks
can preserve the melt-state morphology in solution.22 In contrast, if block copolymers are selec-
tively crosslinked in the disordered state, crosslinkers will hinder the phase separation process
when approaching the ordered state. For example, Sakurai et al. demonstrated that the increase
of crosslinker content results in the loss of long range order based on small angle X-ray scatter-
ing (SAXS) and transmission electron microscopy (TEM).23 With the formation of networks by
crosslinkers, the crosslinks pin the structure and trap the freely moving blocks from escaping.
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This crosslinker pinning effect also affects the order-disorder transition. Balsara et al. revealed
that the order-disorder transition temperature (TODT ) increases with increasing crosslink density
in crosslinked PS-PI systems.24–26
In addition to using a crosslinking agent to prepare non-linear (block) copolymers, bottle-
brush block copolymers, another class of non-linear block copolymers, are obtained through graft-
ing polymers27–29 or polymerizing macromonomers with long side chains.30,31 The self assem-
bly of bottle-brush block copolymers often presents extraordinarily large domain size exceeding
100 nm,27–31 while the domain size of regular linear block copolymers usually falls below 50 nm
due to the synthetic limitation of the molecular weight. It is revealed that the domain spacing is
increased linearly with the degree of polymerization (DP ) of the backbone,28,30 which indicates
the domain expansion is a result of backbone stretching-out. Moreover, the size of side chains
also has a minor impact such that increasing side chain length leads to a slight increase in domain
spacing. Besides domain spacing, both experimetal and simulation results have shown the lamel-
lae and cylinder morphology of bottle-brush block copolymers by tuning the volume fraction and
side chain lengths of different blocks.32,33 These sub-micron patterns show a great potential in the
application of optics and filtration fields.27
While the aforementioned block copolymers are mainly built from petroleum-based chemi-
cals, researchers attentions are gradually turned to bio-based polymers as the supply and price
of petroleum fluctuates dramatically over the past two decades. The incorporation of bio-based
monomers has created block copolymers with new and unique architectures that can be used
in novel applications.34 Among these bio-based monomers, acrylated epoxidized soybean oil
(AESO) has shown to build various architectures including linear, branched and hyperbranched
polymers.35,36 The distinctive PAESO architectures are ascribed to their multi-functional feature
and considerably bulky side chain groups when compared to the main chain. By conjugating
PAESO with other hard homopolymers, PAESO-based thermoplastic elastomers with various ar-
chitectures can be obtained. Herein we synthesize polystyrene-block-poly(acrylated epoxidized
soybean oil) (PS-PAESO) thermoplastic elastomers by extending polystyrene macromonomers
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with AESO monomers via reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tion. PS-PAESO has demonstrated its competitiveness toward SBS in bitumen modification.37,38
The blend of bitumen and PS-PAESO showed a similar or better performance compared to SBS-
modified bitumen in terms of complex shear modulus. However, detailed investigation on the
structure-property relationship of PS-PAESO is required. By thoroughly understanding the self-
assembly behavior of PS-PAESO, the ability to adjust the performance in applications will be en-
hanced.
In this study we synthesize a series of PS-PAESO block copolymers with different molecular
weights, compositions, and the branching extent of AESO to investigate their self-assembly and
response to thermal treatment. Depending on the branching extent of the PAESO block, the ar-
chitecture of PS-PAESO varies from linear A-B block copolymers to star-like block copolymers.
Differently from the conventional star block copolymer, highly branched PS-PAESO block copoly-
mer constitutes a star-like architecture since its branches are not oriented from a single point. The
self-assembly of pre-annealed PS-PAESO is investigated by SAXS spectra along with TEM micro-
graphs. Moreover, the multi-functional feature of AESO not only makes PAESO branches during
polymerization but also promotes curing during the thermal annealing process, which substan-
tially crosslinks PAESO blocks. The material response upon heating is studied from both rheologi-
cal and morphological aspects. Isochronal testing and master curve are conducted using dynamic
shear rheology while any potential phase change is captured by temperature-dependent SAXS.
These findings will support our understanding of this new type of block copolymer self-assembly
behavior and thus help researchers design suitable block copolymer architectures in applications.
4.3 Experimental
4.3.1 Materials
Methyl hydroquinone (Sigma-Aldrich), inhibitor remover (Sigma-Aldrich), styrene (Acros),
soybean oil (SBO), tetrahydrofuran (THF, Fisher), 2-methyl tetrahydrofuran (methyl THF, Sigma-
Aldrich), dicumyl peroxide (DCP, Sigma-Aldrich), Eastman 168 non-phthalate plasticizer (P, East-
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man), p-toluenesulfonyl hydrazide (tosyl hydrazide, Sigma-Aldrich), and o-xylene (Fisher) were
used as received. Soybean oil, epoxidized acrylate (AESO, Sigma-Aldrich) was diluted by methyl
THF and passed through the inhibitor remover column before conducting polymerization reac-
tions. Azobisisobutyronitrile (AIBN, Sigma-Aldrich) was recrystallized from methanol. Ethyl(3-
oxobutan-2-yl) carbontrithioate (OXCART) was synthesized based on procedure described else-
where.39
4.3.2 Block Copolymer Synthesis
The block copolymer was obtained via two-step RAFT polymerization. The first step was the
preparation of polystyrene macromonomer with OXCART. For a typical synthesis, styrene (40 g,
0.38 mol), OXCART (0.17 g, 800 µmol), and DCP (0.04 g, 160 µmol) were sealed and purged under
argon for 15 min in a 100 mL round bottom flask. The reaction was carried out for 8 hr at 110
oC. The PS macromonomer was diluted in THF and crashed in methanol three times (from THF
solution) before further use. The second step was the chain extension of PS macromonomer with
AESO monomers. PS macromonomer (7.17 g, 414 mmol), AESO (10 g, 8.33 mmol), AIBN (13.5
mg, 83 µmol), and methyl THF (51.51 g, 600 mmol) were sealed and purged under argon for 20
min in a 250 mL round bottom flask. The reaction was carried out for 3.5 hr at 75 oC. The product
was then crashed in methanol three times (from THF solution) followed by three cyclohexane
washes. The polymer was then inhibited using 2 wt% methyl hydroquinone via solvent blending.
In PS-PAESO/plasticizer blending entries, 20 wt% of Eastman 168 non-phthalate plasticizer (P)
was added to PS-PAESO via solvent blending. The samples were thermally annealed in vacuum
before investigating polymer morphology.
4.3.3 Selective Hydrogenation of Block Copolymer
The pendent vinyl groups in PS-PAESO were selectively hydrogenated by tosyl hydrazide. PS-
PAESO (0.5 g, 211 µmol of pendent vinyl groups determined by 1H NMR), tosyl hydrazide (0.31 g,
1.69 mmol, 8 equiv.), and o-xylene were charged in a two-neck flask and purged under argon for
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30 min. The flask was connected to a reflux condenser and a gas bubbler. The reaction was heated
up to 80 oC to fully dissolve tosyl hydrazide and then gradually heated to 140 oC to reflux under
argon blanket. The reaction was stopped when no bubble was observed from the gas bubbler. The
product was recovered by crashing in methanol three times(from THF solution) to wash out any
excess tosyl hydrazide and byproduct.
4.3.4 Characterization
1H NMR spectra were recorded using a Varian MR-400 spectrometer (400 MHz). The molecu-
lar weight distribution was characterized by the integrated gel permeation chromatography (GPC)
system in chloroform at 1 mL/min. The GPC system consisted of 515 HPLC pump (Waters), 717
autosampler (Waters), three PLgel individual pore size GPC columns along with a PLgel guard
columns (Agilent), an Optilab T-rEX refractometer (Wyatt), and a dual 270 detector (Malvern),
which contains a viscometer, light scattering detectors angled at 7o and 90o. The columns and
detectors were calibrated by polystyrene triple detection standards (Malvern) along with a series
of polystyrene standards (Scientific polymers) with molecular weight ranged from 570 to 2 M Da.
Samples were prepared at 5 mg/mL in chloroform and passed through the 0.45 µm PTFE filter.
The glass transition temperature (Tg) of block copolymers and homopolymers were recorded
by DSC Q2000 (TA instruments). Specimens were sealed in hermetic aluminum pans and subject
to three cycles of heating and cooling under nitrogen. The heating and cooling rates were 20
oC/min and 10 oC/min, respectively. All Tg values were reported from the second scan after the
thermal history of specimens was removed.
Dynamic shear rheology was conducted on ARES-G2 Rheometer (TA instruments) under ni-
trogen with 8 mm parallel plates. The linear viscoelastic region (LVR) of samples, the range of
strain with constant modulus, was determined by strain sweep at different temperatures at 1
rad/s under ca. 0.2 N axial force. Subsequently, temperature-dependent frequency sweep was
performed between 1-100 rad/s using the same axial force within the LVR of the material. Time-
temperature superposition (TTS)40 was applied to generate the master curve for each material.
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Isochronal testing, the temperature sweep over a range of temperature at constant strain and fre-
quency, was conducted from 50 to 250 oC with a heating rate of 10 oC/min under ca. 0.2 N axial
force within the LVR of the material at 80oC.
Small angle X-ray diffraction (SAXS) measurements were conducted at beamline APS 9-ID-C
in Argonne national lab and also by in-house Xenocs Xeuss 2.0 SWAXS system. The experiment at
APS 9-ID-C beamline was set to a sample-to-detector distance of 546.44 mm and X-ray wavelength
(λ) of 0.5904 Åcollimated by Si(111). Detailed setting can be found elsewhere by Ilavsky et al.41 The
samples were sealed in DSC aluminum hermetic pans, and fixed onto the temperature controlled
stage. Data acquisition was conducted from room temperature to approximately 180 oC. Sample
was equlibrated at the desired temperature for 300 s followed by an acquisition of 60 s. Data are
processed by Indra 2 and Irena macros run on Igor Pro.42,43 XENOCS Xeuss 2.0 SWAXS system
is set with monochromatized X-ray using Cu Kα radiation of the wavelength λ = 1.5406Å. Data
were collected by Pilatus 1M detector at the sample-to-detector distance of 2514 mm calibrated
by silver behenate standard. Samples were sealed between Kapton tape and acquired for a 600 s
acquisition.
The real-space morphology of PS-PAESO is imaged by the STEM (JEOL 2100, 200 kV) in Mi-
croscopy and NanoImaging Facility at Iowa State University or the STEM (FEI Tecnai G2-F20, 200
kV) in Sensitive Instrument Facility at Ames National Lab. The specimens were sectioned at -70
oC by the cryo-ultramicrotome (Leica ultracut S) and stained by 2% osmium tetroxide solution,
which selectively stained the AESO blocks, prior to imaging.
4.4 Results
PS-PAESO block copolymers were synthesized according to Figure 4.1. PS macromonomers
were polymerized in bulk due to the low reactivity of styrene in RAFT polymerization. Subse-
quently, the chain extension was conducted by copolymerizing PS macromonomers with AESO
monomers. The final product was washed with methanol followed by cyclohexane, θ solvent for
polystyrene, to separate out unreacted AESO monomers and PS macromonomers. The proper-
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ties of PS macromonomers and PS-PAESO block copolymers are summarized in Table 4.1 and
Table 4.2. Moreover, the normalized refractive index (RI) traces of each PS-PAESO block copoly-
mer and the corresponding PS macromonomer are revealed in Figure B.1. In the following result
sections, we will discuss the architecture of PS-PAESO block copolymers following by their self-
assembly behavior and thermal stability properties.
To characterize the architecture of PS-PAESO block copolymers, the 1H NMR spectrum, as ex-
emplified in Figure 4.2, is used to calculate the composition, the overall DP , and the branching
extent of PAESO blocks. The composition is determined by the ratio of styrene and the terminal
methyl groups on the AESO side chains, which is summarized in Table 4.2. The subsequent overall
DP of the block copolymers can be derived based on the composition and the molecular weight
of PS assisted by GPC according to equation B.1 and B.2. The overall DP is listed in Table 4.2
while the calculation details are listed in Table B.1. To determine the branch structure of polymers,
the common method in star polymers is by the number of arms, derived from the choice of link-
ing agents. However, since AESO monomers are multi-functional, PAESO blocks branch during
polymerization giving rise to multiple branching points. The composition and molecular weight
of each arm in PS-PAESO are thus not identical, unlike the star polymers. Therefore, a new pa-
rameter, the branch number, is introduced to describe the average architecture of PS-PAESO. The
branching extent of PAESO blocks is expressed as the branch number (B), defined as B = 2.6 − p,
where 2.6 is the initial functionality of AESO; and p is amount of pendent vinyl group left on
polymer chains after reaction. The value of B is a direct indication of the amount of branching
points in PS-PAESO architecture though it cannot differentiate the intermolecular and intramolec-
ular crosslinking. Figure 4.1 illustrates the ideal block copolymer architecture of PS-PAESO with
different branch numbers assuming no intramolecular crosslinking is involved. The number of PS
arms in the block copolymer grows dramatically as B increases. The value of B is summarized in
Table 4.2.
The self-assembly of PS-PAESO block copolymers was investigated using SAXS after thermal
annealing. The spectra is shown in Figure 4.3. Most of PS-PAESO entries reveal broad signals from
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Figure 4.1. RAFT polymerization for PS-PAESO of the different branch number and degree of polymerization.
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Figure 4.2. The 1H NMR spectra of a representative PS-PAESO. Peaks b are the pendent vinyl groups on AESO fatty
acid side groups.
the primary peak except BAA3 and BAS3 which do not phase separate given the smaller molecu-
lar weights. However, we do not observe the clear signal of higher ordered peaks as expected. The
broad primary peak along with the absence of higher ordered peaks implies that PS-PAESO block
copolymers may not have reached the equilibrium yet. A report by Balsara et al. revealed that the
higher ordered peaks can be suppressed and even be absent in highly crosslinked block copoly-
mer systems.25 Though lack of a well-defined morphology, the domain spacing (d) of PS-PAESO
microstructures can still be derived from the equation d = 2π/q∗ based on the primary peak, which
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is summarized in Table 4.2. It is apparent that d is highly related to the overall DP and the branch
number. Entries with a higher DP and branch number generally have a larger d.
Table 4.1. Characteristic of PS macromonomer
Entry Mw a/Da Ð Tg,PS /oC
H1 114 166 1.16 112.80
H2 90 629 1.18 111.90
H3 40 351 1.10 107.78
H4 29 045 1.14 106.75
H5 17 342 1.09 103.43
H6 13 686 1.06 102.96
H7 12 529 1.08 100.46
a Weight-average molecular weight
(Mw) is obtained from triple detec-
tion.
The non-equilibrium self-assembly of PS-PAESO block copolymers is further evidenced by
representative TEM micrographs in Figure 4.4. Since it was suspected that block copolymers
might not reach equilibrium 20 wt% of the plasticizer Eastman 168 (P) was blended with block
copolymers to assist in the thermal annealing process. By adding the plasticizer, the polymer
chains are softened and the chain mobility thus increases. The annealing time and temperature
required to reach the equilibrium state of block copolymers are therefore reduced. In Figure 4.4
entries with with a suffix P are from PS-PAESO/P blends. PS and PAESO domains are white and
black in the micrograph, respectively, resulting from the selective staining of osmium tetroxide
toward PAESO. The periodic ordering of microstructures is clearly improved by the addition of
Eastman 168. While most of the pure PS-PAESO reveal microstructures in the percolation phase,
the PS-PAESO/P blend series show better periodic microstructures. With the exception of BAS1P
revealing hexagonal cylinders, BS3P, BAA1P and BAS2P show lamellar morphologies in Fig-
ure 4.4. However, the domain spacing in TEM micrographs of PS-PAESO/P blend series is similar
to its pure counterpart. Similar results are shown in the paired SAXS spectra of PS-PAESO/P
blend and pure PS-PAESO SAXS spectra in Figure B.2. Most pairs reveal the primary peak at the
comparable q position in SAXS spectra. Both TEM micrographs and SAXS spectra imply that the
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incorporation of Eastman 168 does not significantly affect the domain spacing. Despite the long-
range order of microstructures being significantly improved according to TEM micrographs, this
improvement is not captured by SAXS spectra, which may be caused by the change of scattering
contrast between blocks. The scattering length density of Eastman 168 is 9.01x10−6Å
−2
which is in
between that of PS (9.57x10−6Å
−2
) and PAESO (8.34x10−6Å
−2
). Hence when blending Eastman 168
with PS-PAESO block copolymers, the decrease of scattering contrast between blocks may have
resulted in the lack of obvious higher ordered peaks in SAXS spectra.
The time and energy required for block copolymers to reach the equilibrium state are highly
related to polymer chain mobility, which is implied by the glass transition temperature (Tg). Tgs of
the block copolymers and PS macromonomers provide the information of polymer chain mobility
along with the conformation and segregation between different blocks as listed in Table 4.1 and
Table 4.2. The Tg of PS blocks (Tg,PS) in BAA2 and BAA3 is not accessible by DSC due to the
relatively large content of PAESO in present. Tg,PS in the block copolymers generally drops com-
pared to its macromonomer precursor, which becomes more apparent as the molecular weight of
polymers decreases. Since the segregation strength is weakened by the decrease of the molecular
weight, PS blocks are softened by PAESO block as blocks becomes more miscible. For example,
in BAS3 which does not show phase separation in SAXS spectra, Tg,PS is about 30 oC lower than
its PS macromonomer counterpart. Tg,PAESOs lie between -21 and 4 oC and are affected by the
molecular weight and the extent of branching of PAESO blocks. Entries with higher molecular
weight and higher branch numbers show higher Tg,PAESO such as BS2 and BAA1. As the mobil-
ity of polymer chains is limited by the increased extent of branching in PAESO blocks, Tg,PAESO
increases, as seen in Table 4.2. Moreover, the increase of polymer chain mobility when blend-
ing with the plasticizer is also revealed by Tgs. Figure B.3 exemplifies DSC curves of BAA1 and
BAA1P pair. Tg,PS drops ∼ 50 oC while Tg,PAESO drops below the testing range after plasticizing.
This result suggests that Eastman 168 effectively plasticizes both PS and PAESO blocks without
strong incorporation preference.
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Table 4.2. Characteristics of PS-PAESO block copolymers
Entry PS precursor Mw /Daa Ð fPSb/% Bc overall DP d Tg,PS /oCe Tg,PAESO
/oCe
d /nmf
Symmetric
BS1 H2 117 653 1.50 52 1.30 946 102.78 -9.89 110
BS2 H4 36 129 1.58 52 1.03 304 91.41 -21.24 48
BS3 H5 39 120 1.54 46 0.95 185 79.81 -20.29 23
PAESO-rich asymmetric
BAA1 H1 303 745 1.57 33 2.23 1 324 108.30 4.27 155
BAA2 H6 31 714 1.21 22 1.53 177 – -1.92 23
BAA3 H7 18 982 1.76 35 1.16 143 – -19.61 –
PS-rich asymmetric
BAS1 H3 62 441 1.36 63 1.46 410 97.21 -7.05 43
BAS2 H5 26 526 1.21 67 1.23 175 78.71 -21.31 22
BAS3 H7 15 815 1.48 65 0.93 126 69.70 -17.93 –
a To account for the non-linear architecture of PS-PAESO, weight-average molecular weight (Mw) is reported from triple detection.
b Volume fraction of PS (fPS) is based on 1H NMR results. The density of styrene and AESO used in the calculation is 0.91 and 1.06
g/cm3, respectively.
c Based on 1H NMR results.
d Overall degree of polymerization DP =DPPS +DPPAESO Detailed calculation is shown in equation B.1 and B.2 and Table B.1.
e Based on DSC curves. The PS block is too small for DSC to capture Tg,PS in BAA2 and BAA3.
f Based on SAXS spectra. The domain spacing (d) is calculated from the q∗ of primary peak such that d = 2π/q∗.
86
0 . 0 2 0 . 0 4 0 . 0 6
I (a
.u.
)
q  ( Å - 1 )
B A S 3
B A S 2
B A S 1
B A A 3
B A A 2
B A A 1
B S 3
B S 2
B S 1
Figure 4.3. SAXS spectra of different PS-PAESO block copolymers at room temperature
Considering that the pendent vinyl groups in PAESO blocks may further cure during the ther-
mal annealing process, which will result in block copolymers staying in the non-equilibrium state,
dynamic shear rheology was used to capture how PS-PAESO responds to heating. Figure 4.5(a)
exemplifies the isochronal curves of BAA1 and BAA1P. Compared to BAA1, the storage modulus
G′ of BAA1P decreases by about 50 oC when BAA1 blends with 20 wt% of Eastman 168, which is
comparable to the DSC results from Figure B.3. In a common free-of-curing system, polymers are
softened by applying heat until reaching the terminal regime. Conversely, in PS-PAESO system,
PAESO blocks cure during heating, revealed by the increasing G′ above 180 oC for both BAA1
and BAA1P. The heating and cooling cycle of BAA1 indicates that the curing process is related to
the thermal history. Though BAA1 was only heated to 180 oC during the first cycle, indicated by
G′ the material is already hardened in the first cooling step. This behavior indicates that polymer
chain dynamics is affected by heating even though the block copolymer has not completely cured
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Figure 4.4. TEM micrographs of (a)BS3, (b)BS3P, (c)BAA1, (d)BAA1P, (e)BAS1, (f)BAS1P, (g)BAS2, and (f)BAS2P.
Black and white domains are PAESO and PS blocks, respectively.
and G′ has not significantly increased yet. The response of PS-PAESO to heating explains why it
is hard to reach the thermodynamic equilibrium state during the thermal annealing process.
The curing process of PS-PAESO block copolymers is not governed only by radical propagation
through pendent vinyl groups of PAESO. To exclude the effect of radicals propagating in curing,
the pendent vinyl groups are selectively hydrogenated by reacting them with tosyl hydrazide.
The selective hydrogenation converts all the pendent vinyl groups without touching the aromatic
rings on PS blocks. The change of pendent vinyl groups in BAS1 is revealed by 1H NMR spectra
in Figure B.5. The vinyl group signals at δ 5.86 and 6.13 are fully converted and vanish in the
hydrogenated BAS1, denoted as BAS1H. The pre-annealed BAS1 and BAS1H are compared by
the isochronal test as shown in Figure 4.5(b). Surprisingly, BAS1H shows no evidence of softening
at temperatures higher than 180 oC, which indicates PS-PAESO is considerably cured through
another crosslinking mechanism. The onset of curing in PS-PAESO block copolymers is further
explained in the discussion.
The thermal and rheological responses of PS-PAESO are further investigated by the use of mas-
ter curves. Figure 4.6 displays the master curve of H1, BAA1, and BAA1P which shows different
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Figure 4.5. (a) Isochronal test of BAA1 (∎) and BAA1P (●). The heating history of BAA1 is revealed by different colors.
Lines of light gray, gray, and black are 1st heating, 1st cooling and 2nd heating, respectively; (b) Isochronal test of BAS1
(∎) and BAS1H(●) during heating cycle.
relaxation processes of polymers. The frequency sweep test was performed on BAA1 from 40-200
oC and BAA1P from 40-230 oC. The fact that the storage modulusG′ is always larger than the loss
modulus G′′ in both BAA1 and BAA1P implies these pre-annealed materials crosslinked during
the thermal annealing process before testing. The TTS failure presented at 1-100 rad/s of BAA1
and 104−105 rad/s of BAA1P is due to the transition of glassy to rubbery state of PS blocks. Com-
pared to H1 which shows an entanglement plateau and reaches the terminal regime, BAA1 and
BAA1P display the second plateau, which indicates another relaxation resistance in place, without
the evidence of full relaxation in the testing frame. The different plateaus can be identified by the
minimum of the loss factor tan δ, which is defined as G′′ over G′, in Figure 4.6(b).
Studies have shown that the extra plateau in the low frequency regime reveals the informa-
tion of microstructures and phase transitions.44,45 Hence the second plateau in the low frequency
regime (10−3 - 10−5 rad/s) may result from either the microstructure of block copolymers or the
cured network. To reach this low frequency regime experimentally, the frequency sweep test has
to be conducted above 180 oC which corresponds to the onset ofG′ incline in Figure 4.5. Therefore,
the second plateau is possibly caused by the covalently bonded network structure rather than the
physical constraints resulting from block copolymer microstructures. The evidence suggests that
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Figure 4.6. (a) Master curve and (b) the corresponding tanδ of H1, BAA1, and BAA1P at the reference temperature of
100 oC. G′ and G′′ are black and gray, respectively.
block copolymers may not be capable of reaching the equilibrium state due to the pinning effect
resulting from PAESO crosslinking.
Additional insights on the response of PS-PAESO to heating can be studied in temperature-
dependent SAXS experiments. Figure 4.7(a) exemplifies SAXS spectra of pre-annealed BAS1 dur-
ing a heating and cooling cycle. The corresponding SAXS spectra of the plasticized BAS1P is
shown in Figure B.4. The maximum elevated temperature, 181 oC, is determined based on the
isochronal test results so that BAS1 is cooled before fully cured. It seems that the intensity of
the primary peak gradually decreases with increasing temperature and the behavior is reversible
during cooling. Figure 4.7(b) shows the intensity change in temperature of BAS1 and BAS1P.
BAS1P has a similar intensity change behavior as BAS1. The decrease of the primary peak indi-
cates that the system becomes more homogeneous at elevated temperature, which is a sign of an
upper critical ordering temperature system. As mentioned before, since PS-PAESO cures during
thermal annealing and does not have obvious higher ordered peaks in SAXS spectra, our current
data sets do not allow the precise evaluation of the order-disorder transition temperature. How-
ever, it would seem that both BAS1 and BAS1P undergo a phase transition between 150 and 180
oC.
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Figure 4.7. (a) SAXS spectra of BAS1 during heating(○) and cooling (○) cycle. (b) The intensity of the primary peak of
BAS1 heating (∎), BAS1 cooling (◻), BAS1P heating (●), and B/AS1P cooling (○).
4.5 Discussion
The multi-functional characteristic of AESO contributes to different possible architectures for
PS-PAESO block copolymers. AESO monomers branch during the polymerization and result in
91
the star-like and star-brush-like architectures of PS-PAESO. Unlike single-cored star polymers
which have well-defined polymer arms, the arms in PS-PAESO block copolymers are hard to
define due to the stochastic branching nature of PAESO. The determination of the number of
PS arms (nPS) in PS-PAESO block copolymers relies on the accuracy of molecular weight along
with the block molar ratio. The values of nPS based on equation B.1-B.4 are summarized in Ta-
ble B.1, which are all less than unity. Since nPS is determined by the ratio of experimental and
calculated molecular weight, these results suggest that the experimental molecular weight is gen-
erally smaller. Experimentally, the fractionation by GPC columns relies on the hydrodynamic
radius of polymers. Differed from linear polymers, at a given hydrodynamic radius there are
multiple possible chain conformations for non-linear polymers. Hence, the monotonous relation-
ship of the molecular weight and the hydrodynamic radius is broken. Moreover, it is reported
that GPC elution becomes abnormal when the degree of branching increases.46 The retardation of
highly branched polymers in columns leads to negatively-deviated molecular weight even when
using the triple detection technique. This effect may explain the negatively deviated experimen-
tal molecular weight of PS-PAESO block copolymers compared to the calculated results. This
deviation becomes severer as the molar ratio of PAESO block increases which also suggests the ar-
chitecture of PAESO block affects the block copolymer behavior in solution. The deviation of the
experimental molecular weight impedes the accurate expression of nPS and prompts us to find
another way, the branch number, in describing the architecture of PS-PAESO block copolymers.
Figure 4.8 demonstrates the complexity of PS-PAESO block copolymer architectures and the
feasibility of the branch number in describing their architectures. In Figure 4.8 three PS-PAESO
sub chains are considered with the exact same length of PS chains and equal number (10) of AESO
repeating units. In this way, the block copolymer will have the same composition calculated from
1H NMR and the same molecular weight based on GPC. Since the average functionality of AESO
is 2.6 and there are 30 AESO repeating units involved, the initial unreacted vinyl group count is
78 (2.6x30). After the reaction, 46 pendent vinyl groups are left in Figure 4.8(a)-(d), while 45 and
44 are left in (e) and (f), respectively. In Figure 4.8 The branch numbers are thus (78−46)/30 = 1.07
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for (a)-(d), 1.10 for (e), and 1.13 for (f). The positions of branch points vary on polymer chains
since AESO randomly branches during polymerization. Though the overall composition, molec-
ular weight, and branch number are the same for (a)-(d) in Figure 4.8, the number of arms and the
composition on each arm are considerably different. For example, Figure 4.8(a) has three identi-
cal PS-PAESO arms and a single branch point, while (b) has three arms with PS chains and one
arm of PAESO chain only. PAESO arms can grow longer if radicals continuously propagate af-
ter branching. Figure 4.8 (e) and (f) demonstrate the more complicated cases when intramolecular
crosslinking takes place. As PAESO loops are formed by the intramolecular crosslinking, the num-
ber of arms is even harder to define. Therefore, the expression of the branch number gives a better
insight of PS-PAESO architectures than the number of arms.
Figure 4.8. An illustration of the different branched architectures of PS-PAESO block copolymer with the same compo-
sition and sub chain length. The figure shows three sub chains and each one has 10 AESO repeating units.
The multi-functional characteristic of AESO not only results in the star-like and star-bush-like
architectures of PS-PAESO but also contributes to curing during the thermal annealing process.
93
The pendent vinyl groups of AESO left from the polymerization further cure through radical
propagation. However, based on our isochronal test result in Figure 4.5(b) we found out that
radical propagation may not be the only cause of curing since curing still takes place after all pen-
dent vinyl groups are hydrogenated. We thus suspect that the transesterification within PAESO
also contributes to the curing process. Soybean oil, the fatty acid ester, has three active sites for
transesterification. These active sites further increase as acrylic groups conjugate onto soybean
oil via ester links. The transesterification reaction is a reversible reaction that takes places simply
by mixing reactants and can be accelerated with the assistance of catalysts.47 An exchange of a
subtle number of ester groups is enough to alter the polymer architecture and leads to curing. The
curing process prevents PS chains from escaping PAESO block and thus leaves the morphology
in the non-equilibrium state, which is evidenced by the drop of Tg,PS in PS-PAESO compared to
its PS macromonomer precursor. Sakurai et al. mentioned that the annealing time required for
crosslinked block copolymers to show higher ordered peaks in SAXS spectra is much longer even
at low extent of crosslinking.23 Their pre-annealed samples show poor long range order in TEM
micrographs, which indicates that crosslinked block copolymers are harder to reach the equilib-
rium state. Balsara et al. also observed a gradual loss of long-range order in block copolymer
self-assembly with increasing crosslink content in both SAXS spectra and TEM micrographs when
PI is selectively crosslinked in PS-PI block copolymers.25,26 Our SAXS and TEM results are consis-
tent with previous studies. That is, the crosslinking-involved self-assembly of block copolymers
makes it hard to preserve the morphology with a good long-range order.
Nevertheless, with the strong signal from primary peaks in SAXS spectra, the domain spacing
information can be obtained. To investigate the influence of polymer architectures on the do-
main spacing, Figure 4.9(a) compares the normalized domain spacing with respect to the branch
number for PS-PAESO, or the number of arms(n) for star (PS-PI)n reported by Ijichi et al.20 The
domain spacing is normalized by the overall degree of polymerization (DP ) to exclude the molec-
ular weight influence on domain spacing. Studies have shown that domain spacing of star block
copolymers48,49 and miktoarm copolymers50 follow the same scaling rule as of linear block copoly-
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mer in the strong segregation limit such that D ∼ N2/3. Using the same scaling rule, the domain
spacing of PS-PAESO, data sets display in gray in Figure 4.9(a), shows a rough positive devi-
ation trend with increasing branch number. Conversely, the domain spacing of star (PS-PI)n is
fairly independent of number of arms. However, most simulation and experimental results of star
block copolymers indicate that increasing the number of arms does not affect the domain spac-
ing, provided that the molecular weight of arm is constant.19,20,48–51 The behavior of PS-PAESO is
significantly different from the general self assembly behavior of star block copolymers and mik-
toarm copolymers, implying another architecture feature, the inherent brushes of PAESO from the
bulky aliphatic acid side chains should also be taken into account.
Figure 4.9(b) compares the domain spacing of PS-PAESO with the brush block copolymers (Br-
BCP)s reported by Gu et al.30 against merely DP . The BrBCPs are composed by two different side
chains, polystyrene and polylactide, with the same polynorbornene backbones. The domain ex-
pansion of PS-PAESO seems to resemble BrBCPs though the effect of branch number is neglected.
The slope of PS-PAESO is slightly higher than BrBCPs, which may suggest that the non-linear
brushes of PAESO promote the domain expansion more than the linear brushes. Considering the
scaling rule of PS-PAESO D ∼ N0.95 altered by PAESO brushes, the new relationship is used to
re-examine the impact of the branch number on the domain expansion. The PS-PAESO data sets
shown in black in Figure 4.9(a) after the new normalization reveal the similar behavior to (PS-PI)n
such that the branch number is not tightly related to the normalized domain size. This finding
implies that the unusual domain expansion of PS-PAESO block copolymers is due to the inherent
brushes on PAESO blocks.
As DP increases, the backbone of PAESO blocks elongates which changes the architecture of
PS-PAESO from star-like to star-brush-like. The architecture transition depends on the relative
length of the brush and the backbone of PAESO blocks, which can be evaluated by the calculated
contour lengths. The contour length represents the maximum chain length when stretching out.
The contour length of the non-linear brush from the backbone to the longest tail is ca. 2.93 nm
as revealed in Figure B.6, which can be roughly treated as the critical length to categorize PS-
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PAESO architecture. The contour length of PAESO backbones in the block copolymers is listed in
Table B.1. If the backbone contour length is less than 3 nm, the architecture of PS-PAESO resembles
star block copolymers; whereas the others shall be described as star-brush block copolymers. This
architecture difference may explain the profound domain expansion in highDP entries, especially
in BS1 (D = 110 nm) and BAA1 (D = 155 nm).
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Figure 4.9. (a) D/Nx against B for PS-PAESO or n for star PS-PI from Ijichi et al.20 (b) Domain spacing against the
degree of polymerization (DP ) for PS-PAESO and BrBCPs from Gu et al.30 Symbols denote ◻ and ○ BrBCPs with
two different brush lengths, △ star PS-PI, ∎ PS-PAESO BS series, ● PS-PAESO BAA series, and ▲ PS-PAESO BAS
series.The linear regression of PS-PAESO gives r2 = 0.96.
The influence of Ð should also be taken into account on domain expansion. Since PS-PAESO
was prepared by RAFT polymerization with multi-functional AESO monomers, Ð of the final
products ranges from 1.21 to 1.58 for the phase-separated entries. Compared to near-monodisperse
block copolymers prepared from anionic polymerization, the domain spacing of polydisperse
block copolymers is expected to increase. The increase of domain spacing with increasing Ð
is well-documented in linear block copolymer systems. Lynd et al. reported that the domain
spacing expands about 1.5 times more than the monodisperse block copolymer as Ð reaches
2 in poly(ethylene-alt-propylene)-block-poly(DL-lactide) systems.4 Noro et al. also revealed that
the expansion of domain spacing reaches 1.16 times more than the monodisperse counterpart in
polystyrene-b-poly-2-vinylpyridine systems.5 However, the scaling behavior of PS-PAESO block
copolymers revealed in Figure 4.9(b) indicates the extent of domain expansion is more than the
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Figure 4.10. Depiction of domain spacing change with respect to different PS-PAESO architecture. The branch number
and the degree of polymerization increases from (a) to (c). The polymer chain packing in (a) and (c) is superimposed
on TEM micrographs of BAS2P and BS1P in (d) and (e), respectively.
contribution of increasing Ð alone. We thus speculate that the domain expansion of PS-PAESO is
due to a combination effect of Ð and brushes from the unique structure of PAESO.
Figure 4.10 illustrates the expansion of domain spacing with increasing DP and branch num-
ber. When the DP and branch number are small, the radical propagated backbone of PAESO
blocks is relatively short and AESO side chains act as the "arms" of the star structure. The self as-
sembly behavior of PS-PAESO is therefore similar to star block copolymers as in Figure 4.10(a). As
DP increases, which usually accompanied by the increase of the branching number, the backbone
of PAESO blocks grows longer and AESO side chains become the "brushes" as depicted in Fig-
ure 4.10(b) and (c). These brushes add the constraint on the conformation of backbones which are
thus stiffened and become not as freely-coiled as PS blocks. The entropy penalty of PAESO from
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stretching out is paid off by the crowding of AESO non-linear side chains. While these non-linear
side chains sufficiently fill the extra domain spacing from the expansion, the several-fold number
of chain ends compared to linear side chains further increase the systematic entropy. In summary,
the domain expansion observed in high DP PS-PAESO block copolymers is mainly susceptible to
the star-brush-like architectures with the minor impact of Ð. This study shows that by utilizing the
unique conformation of bio-based AESO monomers, non-linear star-brush-like block copolymers
with distinctive self-assembly behavior can be obtained without tedious synthesis steps.
4.6 Conclusion
PS-PAESO block copolymers are derived from the chain extension of polystyrene macromonomers
with AESO via RAFT polymerization. The architecture of PS-PAESO varies from star-like to star-
brush-like resulting from the DP and the multi-functional nature of AESO. Because of the bulky
side chain of PAESO, PS-PAESO with a low DP resembles star block copolymers as PAESO side
chains serve as the star "arms." When DP increases, the backbone of PAESO blocks is further de-
veloped and PAESO side chains thus become the "brushes." Under this condition, PS-PAESO is
better described as (star)-brush-like block copolymers, where the star part comes from the branch-
ing nature of AESO. Due to the stochastic branching nature of AESO, the architecture of PS-PAESO
is described by the branch number to account for the overall extent of branching. A higher branch
number means more branch points and potentially a higher number of arms in the star-like ar-
chitecture. In addition to the branch number, the degree of polymerization plays an important
role in PS-PAESO architecture. Besides branching during the polymerization, PAESO blocks fur-
ther cure during the thermal annealing process. Since curing reduces polymer chain mobility,
the morphology of pre-annealed PS-PAESO may not reach the equilibrium state yet, which leads
to the lack of higher ordered peaks in SAXS spectra and poor long range ordered morphology
in TEM micrographs. Therefore, to study the thermal response when applying heat, PS-PAESO
block copolymers including the ones blended with plasticizers and selective hydrogenated were
investigated by isochronal tests. The results indicate that PS-PAESO cure upon heating and radi-
98
cal propagation is not the only curing pathway. Though PS-PAESO block copolymers experience
curing, the domain spacing can still be obtained via SAXS spectra. We found out that the domain
spacing of PS-PAESO expands considerably with increasing DP. Similar behavior can be seen in
bottle-brush block copolymers. The domain expansion of PS-PAESO can thus be rationalized as:
the PAESO side chain brushes interfere the relaxation of its backbone and prevent the backbone
from reaching the freely-coil conformation; the entropy penalty of PAESO backbone stretching
out is paid off by the crowding of AESO non-linear brushes. The domain spacing after DP nor-
malization turns out to be irrelevant to the branch number. In other words, the star architecture
resulting from PAESO branching does not show a noticeable impact on domain spacing, which
also fits the general viewpoint of star block copolymer self assembly. This finding suggests that by
utilizing bio-based monomers of unique conformations, special block copolymer architectures can
be designed that leads to the distinctive self-assembly behavior with facile synthesis. The results
of domain spacing above 100 nm in PS-PAESO block copolymers also suggest a new insight in
designing bio-based polymeric materials with sub-micron patterns.
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CHAPTER 5. GLYCEROL-BASED PRESSURE SENSITIVE ADHESIVES:
SYNTHESIS AND APPLICATIONS
A paper prepared for ACS Sustainable Chemistry Engineering
Fang-Yi Lin, Benjamin Claypool, Michael J. Forrester, Nacú Hernández, Ashley Buss, and Eric W.
Cochran
5.1 Abstract
Block copolymers derived from price-competitive and abundant glycerol have shown huge
potential in the application of pressure sensitive adhesives (PSAs). In this study, two monomers,
acrylated glycerol and solketal acrylate, are functionalized from glycerol. Two (meth)acrylate-
based block copolymers, poly(methyl methacrylate-block-acrylated glycerol) (MMAAG) and poly(isobornyl
acrylate-block-solketal acrylate-block-isobornyl acrylate) (IBASA) are synthesized via reversible addition-
fragmentation chain transfer (RAFT) polymerization. With substantial self tack, the elastomers are
formulated with only plasticizers for desired PSAs. Their viscoelastic and morphological charac-
teristics are analyzed by dynamic shear rheology and small angle x-ray scattering. The perfor-
mance of PSAs is investigated by 180o peel testing. The testing parameters include adherend,
humidity level, and peel rate. The test results indicate that IBASA block copolymer of molecu-
lar weight 100 kDa with 20 wt% IBA shows superior peel performance which is comparable to
commercial 3M ScotchTM magic tape after proper plasticizing by benzoate esters. Without de-
tailed engineering, glycerol-based PSAs have shown the feasibility and huge potential for replac-
ing petroleum-based PSAs.
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5.2 Introduction
Nowadays our society is looking for alternatives to detach our reliance on capricious fossil fuel
supplies and the subsequently volatile price of petroleum-derived chemicals. The incorporation
of biodiesel into regular petroleum fuel is one of the sustainable solution to reduce fossil fuel
demands. The biodiesel production process from various plant oils generates fatty acid esters
as the product and glycerol, or glycerin, as the byproduct. The excess supply of glycerol soon
becomes the burden of biodiesel industry, as the production cost increases ∼ $0.008 USD for every
$ 0.01 USD glycerol price drop.1–3 Consequently, major attentions address on valorizing the waste
glycerol for novel applications.
Glycerol derivatives, after proper functionalization, are promising candidates to undergo poly-
merization. Common functionalizations include decorating (meth)acrylic, vinylic, or allylic groups
onto glycerol via (trans)esterification4,5 or transvinylation.6 These glycerol derivatives are ready
for various radical polymerizations.7 Due to their multi-functional nature, they often serve as
crosslinker. For instance, Gogoi and Sarma synthesized the composite of crosslinked poly(glycerol
acrylate) and curcumin for chemical sensing.8 Alternatively, before vinyl group functionalization
the two hydroxyl groups with either carbonyl group for glycerol carbonate or ketal group for
solketal (also called isopropylidene glycerol) yields mono-functional monomers.9 Britz et al. has
demonstrated the use of poly(glycerol carbonate) in lithium ion conductors.10 Solketal carrying
the acid-responsive ketal group has received considerable attention in biomedical applications for
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its capability of hydrolysis under acidic condition and the dependence of hydrolyzing rate on pH
value. The subsequent change of hydrophobicity during the hydrolysis benefits chemists for de-
signing the next generation of drug delivery carriers for target thereputices. For examples, solketal
acrylate was polymerized with hydrophilic macromonomers via atom transfer radical polymer-
ization to prepare polymeric micelles capable of encapsulating hydrophobic drugs.11–14 Jing et al.
further tested the cell viability using human breast cancer cells toward these polymeric micelles.15
Moreover, after hydrolyzed poly(glycerol mono(meth)acrylate)-contained block copolymers also
demonstrate the feasibility of preparing stable manetic fluids when coated with Fe3O4 nanopar-
ticles.16 These studies demonstrate the value-added potential for glycerol derivatives; However,
the field of pressure sensitive adhesives have not yet been explored for glycerol derivatives and
represent an area of large-scale commercial potential.
Pressure sensitive adhesives (PSAs) are adhesives able to wet and stick to the adherend under
light pressure (finger pressure) without the formation of covalent bond and exhibit substantial re-
sistance when subject to peeling. Commercial PSA products are ubiquitous in our daily life such
as labels, sticky notes, and miscellaneous tapes. Currently, the PSA market size is still growing.
The PSA market revenue is predicted to reach about $2.5 USD billion in the US by 2024 with a
worldwide annual growth rate of 6.4%.17,18 PSAs are usually formulated from elastomers with
additives such as tackifiers, plasticizers, and/or stabilizers to tune their performance and stabil-
ity. To date, except natural rubbers the elastomers in commercial PSAs are based on petroleum-
derived polymers such as crosslinked acrylics, styrenic block copolymers, and silicones.19 The
performance of a PSA is directly related to its viscoelastic properties which are evaluated from
tack, peel, and shear viewpoints.20 A PSA of a good tack should flow and wet the perhaps non-
smooth adherend upon immediate contact. In other words, the PSA should have a low storage
modulus (G′) which possesses a viscous-like behavior at the bonding frequency (∼ 1 rad/s).21 To
obtain a good peel adhesion, both G′ and the loss modulus (G′′) should be high at the debond-
ing frequency (∼ 435 rad/s) so that PSA exhibits an elastic-like behavior with a good cohesive
strength.22 A PSA resisting to shear requires withholding enough modulus in the creep region
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(<< 1 rad/s). The formulation of the PSA usually considers the balance of the three characteristics
and also the long-term durability such as the resistance to UV radiation, humidity, and aging. In
recent decades, research efforts are devoted to developing renewable formulations thanks to the
growing concerns of sustainability.
Bio-based PSAs are mainly derived from plants. The bio-based elastomers are commonly syn-
thesized from derivatives of plant oils, sugars, and starches. The long aliphatic chains of plant
oils and their derivatives result in polymeric products displaying low glass transition tempera-
ture (Tg) and rubbery characteristics. Studies have shown the feasibility of using these rubbery
(co)polymers in PSA applications based on fatty acid esters23–25 and soybean oil26–28 after proper
curing. Additionally, enabled by the unsaturated vinyl groups of soybean oil, phosphorus groups
were incorporated onto monomers to improve the flame retardancy of PSAs.28 Moreover, to mimic
styrenic block copolymers, bio-based thermoplastic elastomers are also developed into PSA for-
mulations. The thermoplastic elastomers are often ABA-type block copolymers in which both A
and B, the glassy and rubbery blocks, can be built from bio-based materials. For example, the
glassy blocks can be prepared from lactides,29–31 γ-methyl-α-methylene-γ-butyrolactone from le-
vulinic acid,32 and isorsobide.33 The rubbery blocks can be synthesized from ε-decalactone,31 and
menthide.29,32 Besides elastomers, bio-based additives are also formulated into PSAs as tackifiers
and plasticizers. For instance, it is reported that rosin esters and epoxidized soybean oil have
served as tackifiers and plasticizers, respectively.34,35 With careful consideration, Lee et al. has
demonstrated a purely bio-based PSA system, including the elastomer, tackifier, and plasticizer,
showing comparable adhesive performance to commercial PSAs.31 However, the utilization of
glycerol in PSAs is relatively limited for which only the use of plasticizer has been reported be-
fore.36
Herein we develop new renewable PSA systems based on glycerol platform. Two monomers
are derived from glycerol: acrylated glycerol and solketal acrylate. Monomers are polymerized
with different glassy macromonomers via reversible addition-fragmentation chain transfer (RAFT)
polymerization to obtain glycerol-based thermoplastic elastomers. Depending on the chain trans-
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fer agent, poly(methyl methacrylate-b-acrylated glycerol) diblock copolymer and poly(isobornyl
acrylate-b-solketal acrylate-b-isobornyl acrylate) triblock copolymers are prepared for PSA appli-
cations. Due to their self tackiness, glycerol-based elastomers are compounded with merely plas-
ticizers through hot-melt blending. The elastomers are characterized by shear rheology. The peel
performance of glycerol-based PSAs is evaluated by 180o peel testing. The testing parameters in-
clude adherend, humidity level, and peel rate. Results indicate that glycerol derivatives have the
potential for PSA applications.
5.3 Experimental
5.3.1 Materials
Glycerol (VWR), acrylic acid (Sigma-Aldrich), amberlyst 15 (Dow chemical), phenothiazine
(Sigma-Aldrich), solketal (Sigma-Aldrich), methyl acrylate (Sigma-Aldrich), Novozym 435 (Sigma-
Aldrich), 5Å Molecular sieve (Sigma-Aldrich), hydroquinone (Fisher), inhibitor remover (Sigma-
Aldrich), S,S-dibenzyl trithiocarbonate (DBTTC, Sigma-Aldrich), methyl ethyl ketone (MEK, Fisher),
dimethylformamide (DMF, Fisher), toluene (Fisher), and Benzoflex 2088 (Eastman) were used as
received. Methyl methacrylate (Fisher), isobornyl acrylate (Sigma-Aldrich), and solketal acrylate
were passed through the inhibitor remover column before conducting reactions. Both azobisisobu-
tyronitrile (AIBN, Sigma-Aldrich) and , 1,1’-azobis(cyclohexanecarbonitrile) (ACHN, Sigma-Aldrich)
were recrystallized from methanol. 2-cyanopropan-2-yl ethyl carbonotrithioate (CYCART) was
synthesized based on the description elsewhere.37
5.3.2 Monomer Syntheses
Acrylated glycerol (AG) was synthesized by reacting acrylic acid and glycerol through Fisher
esterification. In a typical example, glycerol (500 g, 5.43 mol) and acrylic acid (520.36 g, 7.22 mol)
were combined with the catalyst, amberlyst 15 (51 g, 5 wt%), in a reactor vessel. The reaction was
carried out at 100 oC for 24 hr. The product was used as the monomer without further purification.
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1H NMR (400 MHz, DMSO): δ (ppm) = 3.27 - 4.25 (OCH2CHCH2O, 5H, m); 5.87 - 6.37 (CH=CH2,
3H, m).
Solketal acrylate (SA) was synthesized through enzymatic transesterification of solketal and
methyl acrylate adopted from Haring et al.5 In a typical example, solketal (137.5 g, 1.04 mol) and
methyl acrylate (358.33 g, 4.17 mol) were combined with an enzymatic catalyst, Novozym 435
(5.5 g, 4 wt% to solketal), in a reactor vessel. 5Å Molecular sieve (208.3 g, 1.5 w/w to solketal)
was added to absorb the byproduct methanol. The reaction was carried out overnight at ambient
temperature. The product was purified by filtration and dynamic distillation (yield: 76%). 1H
NMR (400 MHz, CDCl3, TMS): δ (ppm) = 6.42, 6.13, and 5.82 (CH=CH2, 3H, m); 4.32, 4.20, 4.15,
4.07, and 3.73 (OCH2CHOCH2O, 5H, m); 1.41 and 1.34 (OC(CH3)2O, 6H, m).
5.3.3 Synthesis of Poly(Methyl Methacrylate-block-Acrylated Glycerol)
Poly(methyl methacrylate-block-acrylated glycerol) (MMAAG) block copolymer was adopted
via two steps reversible addition-fermentation chain transfer (RAFT) polymerization. The first
step is the preparation of poly(methyl methacrylate) (PMMA) macromonomers with CYCART.
For a typical synthesis, methyl methacrylate (50 g, 0.5 mol), CYCART (0.86 g, 4.5 mmol), AIBN
(0.11 g, 675 µmol), and methyl ethyl ketone (50 g, 0.69 mol) were sealed and purged under ar-
gon for 30 min in a 250 mL round bottom flask. The reaction was carried out for 8 hr at 80 oC.
The PMMA macro-CTA was crashed by methanol three times (from tetrahydrofuran solution)
before further use. The second step is the chain extension of PMMA macromonomer with AG
monomers. PMMA macro-CTA (14 g, 887 µmol), AG (150 g, 0.97 mol), ACHN (0.11 g, 443 umol),
and dimethylformamide (DMF) (492 g, 6.74 mol) were sealed and purged under argon for 30 min
in a 1 L round bottom flask. The reaction was carried out for 8 hr at 90 oC. The product was
crashed by isopropanol three times (from DMF solution) and cryo-blended with 2 wt% phenoth-
iazine before further processing.
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5.3.4 Synthesis of Poly(Isobornyl Acrylate-block-Solketal Acrylate-block-Isobornyl Acrylate)
Poly(isobornyl acrylate-block-solketal acrylate-block-isobornyl acrylate) (IBASA) was obtained
via two steps RAFT polymerization. The first step is the preparation of poly(isobonyl acrylate)
(PIBA) macromonomers with DBTTC. For a typical synthesis, isobornyl acrylate (18 g, 86 mmol),
DBTTC (0.17 g, 600 µmol), AIBN (19.7 mg, 120 µmol) and toluene (18 g, 0.20 mol) were sealed and
purged under argon for 30 mins in a 250 mL round bottom flask. The reaction was carried out at 80
oC for 8 hr. PIBA macromonomer was crashed by methanol three times (from tetrahydrofuran so-
lution). The second step is the chain extension of PIBA macromonomer with SA monomers. PIBA
macromonomer (14 g, 1.17 mmol), SA (200 g, 1.08 mol) , ACHN (0.14 g, 5.8 mmol) and toluene
(214 g, 2.32 mol) were sealed and purged under argon for 30 mins in a 1 L round bottom flask. The
reaction was carried out at 90 oC for 8 hr. The product was crashed by methanol three times (from
tetrahydrofuran solution) before further processing.
5.3.5 Pressure Sensitive Adhesive Formulation Process
The pressure sensitive adhesives were prepared by hot-melt blending of the plasticizer with
the block copolymer. Due to the self-tack of glycerol-based materials, no tackifier, which is the
common additive composed of low molecular weight tacky resins, is required for our PSA formu-
lations. Different amounts of plasticizers were added into block copolymers at 100 - 120 oC for
30 min to acquire homogeneous PSAs. The PSAs were then uniformly applied at a thickness of
0.1 mm to the peel arms, constituent of 2.54 cm polyethylene terephthalate (PET) film, with the
help of draw down bar also heated to 100 oC. After adhering specimens onto the stainless steel
or glass adherends, the specimens were immediately rolled twice by a 4.5 lb rubber wheel at 12
in/min to provide a consistent application pressure while smoothing out any irregularities.
The peel testing specimens were also prepared at different humidity conditions using satu-
rated aqueous solutions.38 A special humidity-controlled chamber to condition the specimens was
built using a 47 L tub with an internal 1 L container for the aqueous solution. A hygrometer was set
in the chamber to monitor the humidity. The three humidity conditions were as follows: low hu-
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midity, 20-30% RH; medium humidity, 40-60% RH; and high humidity, 80-90% RH. Low humidity
was achieved with a potassium acetate solution, medium humidity was achieved naturally within
the laboratory, and high humidity was achieved with sodium chloride solution. Since the humid-
ity created by sodium chloride solution hovers around 75% RH at room temperature, additional
wet rags were placed in the chamber to increase the humidity level but not directly contact with
the specimens at high humidity condition. All specimens were conditioned for 24 hr before peel
testing.
5.3.6 Characterization
1H NMR spectra were recorded by a Varian MR-400 spectrometer (400 MHz). The molecular
weight distribution was characterized by gel permeation chromatography (GPC) with an inte-
grated Waters ACQUITY APC system equipped with Waters ACQUITY XT columns, a refractom-
etry, and an UV spectrophotometer at dual wavelengths of 254 and 310 nm. The system is run in
tetrahydrofuran at 1 mL/min at 50 oC. The system was calibrated by polystyrene standards. (Sci-
entific Polymer Products.Inc) Samples were prepared at 5 mg/mL and passed through the 0.45
µm PTFE filter before the acquisition.
Dynamic shear rheology was conducted on ARES-G2 Rheometer (TA instruments) under ni-
trogen atmosphere with 8 mm parallel plates. Temperature-dependent strain sweep was scanned
to find the linear viscoelastic region (LVR), which is the range of strain showing constant modu-
lus, of materials at different temperatures. The suitable strain values were obtained at frequency
1 rad/s under ∼ 0.2 N axial force. Subsequently, temperature-dependent frequency sweep was
performed in between 1 and 100 rad/s under ca. 0.2 N axial force within the LVR of the material.
Time-temperature superposition (TTS)39 was applied to generate the master curve for each ma-
terial. Isochronal testing, which is the temperature sweep at constant strain and frequency, was
conducted with a ramp rate of 10 oC/min under ca. 0.2 axial force and a suitable strain within the
LVR of the material at 40 oC.
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Small angle X-ray diffraction (SAXS) measurements were performed using a XENOCS Xeuss
2.0 SWAXS system with monochromatized X-ray wavelength of λ = 1.54189 Å from Cu κα radi-
ation. Data were collected by Pilatus 1M detector at a sample-to-detector distance of 2514 mm
calibrated by a silver behenate standard. The corresponding scattering vector (q) window is 0.004
- 0.2 Å-1. Data was collected at room temperature in vacuum with 10 mins exposure.
5.3.7 Adhesive Performance Analysis
The adhesive performance of glycerol-based PSA was performed by 180o peel testing using the
I-MASS SP-2100 slip-peel tester. The peel rate was 30.5 cm/min if not specified. The peel testing
involves two phases, the initial delay and the averaging time. During the initial delay of two
sec, the maximum peel resistance is denoted as the static force. The averaging time immediately
follows the initial delay, and the average peel force was recorded from the remaining test length,
with a typical duration of 20 sec. The results were analyzed by the statistical software JMP using
analysis of variance (ANOVA) tests. Tukey’s HSD, with α = 0.05, was used when comparing the
means to determine statistically significant differences.
5.4 Results and Discussion
5.4.1 Synthesis and Rheology of MMAAG Block Copolymer
MMAAG block copolymers are synthesized according to Figure 5.1. In the monomer prepara-
tion step, the excess amount of acrylic acid was used to drive Fisher esterification forward which
results in the functionality of AG slightly higher than unity (1.2) based on the NMR result as shown
in Figure 5.1. The reaction mixture of AG was directly used in the chain extension with PMMA
(number-average molecular weight Mn = 39,150 Da, dispersity Ð=1.25 and mass yield = 99%). In
the chain extension step, PMMA content was controlled below 20% to maximize the tackiness of
materials while maintaining enough mechanical strength. The mass yield and the mass composi-
tion of the MMAAG block copolymer are 54% and 21%, respectively. The composition of MMAAG
is derived by weight because the peak of methoxy signal from PMMA (δ 3.43) overlaps with those
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of glycerol esters (δ 3.20 - 4.37) in 1H NMR spectrum, as shown in Figure 5.1. Since MMAAG
branched during the polymerization, the harvested block copolymer has Mn = 1,007,200Da with
Ð=2.18. The corresponding molecular weight distribution curves are shown in Figure C.1.
Figure 5.1. Scheme of MMAAG preparation and the corresponding 1H NMR spectra
After synthesized, MMAAG block copolymer was characterized by dynamic shear rheology.
The master curve and isochronal curve are revealed in Figure 5.2. The shear modulus of MMAAG
inherently reside between 103- 105 Pa within the application range of 10−2 - 102 rad/s in Fig-
ure 5.2(a), which obeys Dahlquist criterion40 for PSAs of G′ less than 33,000 Pa at the application
temperature. The abundant hydroxyl groups of AG also seem promising for PSA applications
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since these sticker groups provide stronger tack on hydrophilic interface such as stainless steel
and glass.41 However, the isochronal curve in Figure 5.2(b) reveals the onset of the raising G′
and G′′ at 130 oC, indicating the sign of uncontrolled curing at high temperature. Supported by
the master curve in Figure 5.2(a), MMAAG does not have an obvious entanglement plateau in
medium frequency range but has an additional plateau with TTS failure in the low frequency
range. This behavior suggests that curing causes the change of polymer architecture and the cor-
responding mechanical properties. The curing is susceptible to the radical propagation through
pendent vinyl groups of the multi-functional AG. Though the radical inhibitor phenothiazine was
added to the system, curing still took place. This behavior implies that MMAAG may not be
suitable for our proposed hot-melt blending PSA formulation process. The hot melt blending is
a common PSA manufacturing method, which involves blending elastomers with additives and
applying the compounds onto backing films in the melt state. The boost of shear modulus of
MMAAG at high temperature may reduce its tackiness and deteriorate the performance during
processing.
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Figure 5.2. (a) Master curves and (b) isochronal curve of MMAAG block copolymer.
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5.4.2 MMAAG-based PSA Formulations
Since glycerol-based polymers have self tack, the PSA formulation of MMAAG excludes the
tackifier but only includes the plasticizer to reduce the production cost. Plasticizers used are listed
in Table 5.1, in which Benzoflex 2088 (Eastman, Inc.) is a commodity plasticizer consisted of
benzoate esters. We propose to process PSAs by the more sustainable hot-melt blending which
requires only heat without any assisted solvent. After formulating, MMAAG-based PSAs were
characterized by dynamic shear rheology and evaluated by 180o peel tests. The master curves of
PSAs are shown in Figure 5.3. After plasticized, the shear modulus of PSAs are soften by about
20-40% in the range of 1 − 100 rad/s. However, the relatively higher shear modulus in lower fre-
quency region (< 0.01 rad/s) of MMAAG2 and MMAAG3 indicates that these PSAs experience
more severe crosslinking. The lower crosslinking extent of MMAAG1 may result in the tackier
feature in the peel tests. Indeed, as listed in Table 5.1, the average peel force of MMAAG1 is the
highest among the three PSAs. We thus decided to proceed with Benzoflex 2088 in the follow-
ing glycerol-based PSA formulation. Since both pure MMAAG and its subsequent PSAs are not
thermally stable, we sought other pathways to synthesize glycerol-based PSAs with a better ther-
mal stability for hot-melt blended PSAs. However, undergoing other solvent-assisted processes,
MMAAG elastomer still has its potential in PSA applications which is beyond the scope of this
work. Moreover, it is noted that all three PSAs exhibit cohesive failure in the peel test, such that
the adhesive resides on both the adherend and the PET film due to the lack of cohesive interaction
within the material. The cohesive interaction can be improved by tuning the composition of block
copolymers, increasing the molecular weight, and/or changing its architecture. Therefore, the
design of polymer architecture and composition is also taken into consideration in the following
glycerol-based PSAs.
5.4.3 Synthesis and Characterization of IBASA Block Copolymers
To improve the thermal stability and increase the cohesive strength within polymers, IBASA
block copolymers are designed and synthesized. Since the thermal instability of MMAAG-based
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Table 5.1. MMAAG-based PSA formulation
Entry Plasticizera Avg. peel force (N/2.54cm)
MMAAG1 Benzoflex 2088 1.03
MMAAG2 Tributyl citrate 0.33
MMAAG3 Triethyl citrate 0.23
a The plasticizer loading is 30 wt% to MMAAG.
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Figure 5.3. Master curves of ◻ MMAAG ○ MMAAG1 △ MMAAG2 ▽ MMAAG3 at reference temperature of 25 oC
PSAs is mainly due to the multifunctional AG monomers, it is preferred to limit the functional-
ity of glycerol-based monomers to unity. In other words, the active site during functionalization,
the hydroxyl group, on glycerol should be limited. Solketal was therefore chosen for the trans-
esterification functionalization with methyl acrylate. Figure 5.4 reveals reactions for synthesizing
IBASA,the linear glycerol-based block copolymer, from solketal and the corresponding 1H NMR
spectra. There are two advantages that the enzymatic transesterification outweighs Fisher ester-
ification: firstly, the byproduct methanol is less polar and has a lower boiling point that is easier
to be removed compared to water, the byproduct of Fisher esterification; secondly, the transes-
terification reaction is tremendously accelerated by Novozym 435 such that the reaction can be
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carried out at room temperature with almost full conversion. This reaction is greener since both
Novozym 435 and the excess amount of methyl acrylate can be recycled and reused. Less energy
is required for the reaction and the purification step. The conversion of this reaction is governed
by the efficiency of methanol removal. By using 5 Å molecular sieve to absorb methanol, the re-
action broth only needs to go through dynamic distillation to separate the excess methyl acrylate
from the product solketal acrylate after reaction.
In addition to monomer functionalization step, we decided to change the block copolymer ar-
chitecture, since the cohesive interaction can be increased by using triblock copolymers instead of
diblock copolymers. By taking the advantage of the telechelic CTA, DBTTC, solketal acrylate-
based triblock copolymers was harvested through two-step RAFT polymerization. Shown in
Figure 5.4, DBTTC reacts with isobornyl acrylate monomers to produce PIBA macromonomers.
Isobornyl acrylate was chosen based on its high glass transition temperature among acrylates fam-
ily and also its high biomass content ( 75%).42 A series of IBASA block copolymers is synthesized
through the chain extension of PIBA macromonomers with SA monomers as listed in Table 5.2.
The molecular weight and content of IBA blocks vary in entries with similar overall block copoly-
mer molecular weight at 90 − 100 kDa. Noted that M3 might be slightly contaminated by its PIBA
macromonomers which is implied by the mismatching values between IBA content and the final
molecular weight.
Table 5.2. Characteristics of IBASA block copolymers
Entry Macromonomer
Mn/Da (Ð)a
Block copolymer
Mn/Da (Ð)a
IBA
wt%b
Conv.
%b
Mass
yield%
M1 12 013 (1.29) 91 117 (1.35) 15 54 34
M2 27 379 (1.22) 92 750 (1.63) 21 77 61
M3 25 630 (1.20) 104 000 (1.72) 33 22 38
a Based on GPC results
b Based on 1H NMR results
The rheological characteristics of IBASA block copolymers are shown in Figure 5.5. The mod-
ulus of all IBASA block copolymers exceed Dahlquist criterion within the application frequency
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Figure 5.4. IBASA preparation and the corresponding 1H NMR spectra
indicating the neccessity of plasticizer during formulating process. The shear modulus increases
with increasing IBA content. The large difference of G′ and G′′ of M3 implies a strong cohesive
interaction within the block copolymer. Moreover, the isochronal curves in Figure 5.5(b) reveal
that IBASA block copolymers do not cure within the testing range. These results prove that the
design of solketal acrylate successfully resolves the thermal stability issue of glycerol-based block
copolymers. Additionally, M1 in Figure 5.5(a) shows an additional plateau of G′ = 300 Pa in low
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frequency region, which may result from the additional physical resistance from the microstruc-
tures of the block copolymer. The slope of the plateau is 0.05 which corresponds to sphere mi-
crostructures.43 M2 and M3 do not reveal the microstructure plateau within the detectable region
due to the instrument limitation. However, it is clear that in the lower frequency region, these
block copolymers possess similar creep behavior to M1. The microstructures of block copoly-
mers are believed to enhance the mechanical strength of materials for the glassy blocks serving as
physical crosslinks at application temperature.
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Figure 5.5. (a) Master curves and (b) isochronal curve of M1 ◻, M2 ○, and M3 △.
The morphological information of IBASA along with MMAAG block copolymers is studied
by SAXS spectra in Figure 5.6. For IBASA materials, the primary peak (q∗) becomes more obvious
with increasing IBA content implying more intense microphase separation in M2 and M3. The
case of M1 is more complicated and will be discussed in the following formulation section. Based
on the primary peak, the domain spacing of microstructures can be calculated based on d = 2π/q∗,
which are 52.4, 54.7, and 69.8 nm for M2, M3, and MMAAG, respectively. If the microstructures
display enough long-range order, higher ordered peaks will present in SAXS spectra benefiting
the morphology recognition. For example, with the presence of 2nd peak in M2 and MMAAG,
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we can determine that M2 has spherical microstructures (peak ratio 1 ∶
√
2) whereas MMAAG has
cylindrical microstructures (peak ratio 1 ∶ 1.6 ≈ 1 ∶
√
3). In general, results from SAXS confirm the
finding from rheology, i.e., there are microstructures revealed in IBASA block copolymers, which
are believed to enhance its mechanical strength.
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Figure 5.6. SAXS spectra of IBASA and MMAAG block copolymers
5.4.4 IBASA-based PSA Formulation: the Adherend and Humidity Effects
The synthesized IBASA block copolymers are compounded with the plasticizer, Benzoflex 2088
to prepare PSAs. Samples are encoded as MXY , where X indexes the IBASA lot and Y indexes
the wt% dosage of Benzoflex 2088. The full-ranged master curves of plasticized M1 series and
the corresponding SAXS spectra are shown in Figure C.3 and Figure C.4. Being thermally sta-
ble, the hot-melt blended M1 series PSAs reveal similar rheological behavior to M1. Except M110
which shows comparable shear modulus as M1, the modulus decreases with increasing plasticizer
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dosage. The comparable modulus of M110 may be ascribed to the enhanced microphase separa-
tion when blending with Benzoflex 2088, implied by SAXS spectra in Figure C.4. The primary
peak at q∗ = 0.0115Å
−1
becomes more obvious with increasing plasticizer dosage indicating the
reinforcement of the segregation strength between different blocks. It seems to be the result of the
selective incorporation of Benzoflex 2088 in the IBA blocks. With IBA blocks better isolated from
SA blocks, the mechanical strength is improved leading to comparable shear modulus of M1 and
M110 whereas the modulus of M110 were supposed to decrease when adding the plasticizer.
The viscoelastic behavior of M1 series PSAs within the frequency range of common application
are shown in Figure 5.7(a), which is correlated with its tack and peel performance.44 That is, the
tack performance revealed by G′(ω ∼ 1 rad/s) mirrors the bonding ability of a PSA to wet the
adherend forming a good contact; whereas the peel performance revealed by both G′ & G′′ (ω ∼
435 rad/s) reflects the debonding resistance of a PSA. Therefore, a higher G′ at the debonding
frequency generally implies a better peel performance.22 The peel adhesion of M1 series PSAs
follows this trend, in which the peel adhesion decreases with increasing plasticizer dosage as
shown in Figure 5.7(b).
While the viscoelastic behavior of PSA evaluates its self-peel resistance, the peel test enables
some more practical parameters such as the adherend and relative humidity into consideration. It
is well-known that the moisture absorbed by the adhesive itself as well as the adherend affects the
adhesive bonding strength.45 Even though IBASA block copolymers are fairly hydrophobic, we
found out that the adhesive behavior of IBASA-based PSAs seem to respond to RH levels. Thus
after adhering, PSA specimens were conditioned at three RH level for 24 hrs prior to peel test.
Figure 5.7(b) compares the peel adhesion of M1 series PSAs on glass and stainless steel at differ-
ent RH level. Based on ANOVA analysis, the peel adhesion of IBASA-based PSAs is statistically
irrelevant to the two adherend choices we target here. However, the RH level has a huge influ-
ence on the peel performance. The peel adhesion generally decreases with increasing RH level,
which indicates that the bonding between the adherend and adhesive deteriorates as the RH level
increases. At this stage, all M1 series PSAs fail cohesively on both glass and stainless steel. The dis-
121
tribution of the adhesive on the different interfaces after peel determines the failure mode. A PSA
fails cohesively with the presence of adhesive on both backing film and the adherend; whereas a
PSA fails adhesively leaving no residue on the adherend.46 It seems that the cohesive strength in
M1 are not strong enough to prevent the adhesive from transferring to the adherend.
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Figure 5.7. (a) The viscoelastic behavior within the application range and (b) peel adhesion of PSAs formulated from
M1. PSAs from dark to light color are: M110, M120, M140. In (a) filled and opened symbols in are G′ and G′′,
respectively. In (b) peel tests were conducted on adherends of glass (stripped) and stainless steel (plain).
5.4.5 The Effect of Peel Rate on IBASA-based PSAs
In addition to the effects of adherends and humidity conditions, the peel rate also affects the
peel adhesion and the failure mode. Since the viscoelastic behavior of PSAs is related to the fre-
quency, PSAs should also have different response regarding the peel rate, and several studies have
demonstrated this response.36,46 When PSAs are subjected to slow peeling, they act like a viscous
flow where the deformation of adhesives governs, leading to cohesive failure. The peel adhesion
generally increases with increasing peel rate according to this condition. In contrast, if PSAs are
peeled fast enough, the response of the adhesive becomes more elastic such that PSAs separate
cleanly from the adherend and the peel adhesion becomes independent of the peel rate. However,
at moderate peel rates PSAs fracture from a combination of cohesive and adhesive failure result-
ing in complex behaviors. The peel adhesion may either continue increasing with increasing peel
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rates or experience a sudden drop upon reaching the fully adhesive failure region. The response
of PSAs to the peel rate depends on the type of adherend, backing film along with PSAs, which
is worth investigating. Figure 5.8 displays the viscoelastic behavior and the peel adhesion of M2
series PSAs. The full-ranges master curves of M2 series PSAs are revealed in Figure C.5.
In Figure 5.8(a) the shear modulus of M2 are larger than 106 Pa as the IBA block content in-
creases. However, the entanglement plateau within the application frequency indicates a stronger
cohesive strength of M2 series PSAs. After proper plasticizing, the modulus of M210 and M220
drops to suitable application range. Figure 5.8(b) displays the peel adhesion of M210 and M220
along with the failure mode. The loading of plasticizer dramatically affects the response of PSAs
to the peel rate. With increasing peel rate, the peel adhesion of M210 goes from above the instru-
ment’s limitation to relatively independent of the peel rate at ∼ 10N/2.54 cmwith adhesive failure.
This behavior suggests that M210 may undergo the transition of mixed failure at 15 cm/min. How-
ever, the heavier plasticized M220 shows a more complicated behavior. Since M220 is softer, the
viscous nature of M220 is more profound than M210, which is prone to cohesive failure. Thus the
critical peel rate of M2210 transferring from cohesive to adhesive failure is higher with the mixed
failure showing in the intermediate peel rates. The evaluation of peel rates indicates that formu-
lating PSAs requires precise control to tune its viscoelastic behavior into the desired application
range.
5.4.6 The Effect of Block Copolymer Composition on IBASA-based PSAs
The peel adhesion of IBASA-based PSAs can be further adjusted by the block composition in
block copolymers. As the glassy IBA block content increases, the material becomes stiffer. To
formulate this material into PSA, higher dosage of Benzoflex 2088 was used to meet Dahlquist
criterion. For example, M3 series PSAs contain 50 wt% or even higher Benzoflex 2088, whose
master curves are revealed Figure C.2. If the plasticizer dosage is lower than 50 wt%, PSAs are
hard to be evenly spread onto the backing film. Even for M350 and M380, the higher dosage of
plasticizer results in the texture of PSAs less homogeneous compared to M1 and M2 series PSAs.
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Figure 5.8. (a) The viscoelastic behavior within the application range and (b) peel adhesion conditioned at medium
RH at different peel rate of M2 series PSAs. Filled and opened symbols in (a) are G′ and G′′, respectively. The failure
modes in (b) are ∎ cohesive failure, ● adhesive failure, and ▲ mixed failure. The peel adhesion of M210 at the peel rate
of 15.2 cm/min exceeds the instrument loading limit (50 N).
To investigate the impact of block copolymer composition on PSAs’ peel performance, the peel
adhesion of plasticized IBASA-based PSAs are compared in Figure 5.9 accompanied by the cor-
responding viscoelastic behavior in the application range. PSAs being compared in Figure 5.9(a)
have comparable G′ with M210 being slightly higher and M380 being slightly lower. According
to ANOVA test, both block composition and RH level show significant influence on peel adhe-
sion. In Figure 5.9(b), M2 series PSAs generally have better peel resistance, indicating moderate
IBA content block copolymer holds enough physical strength while possessing reasonable G′′ for
energy dissapation. M210 fails adhesively at low and medium humidity. For M2 series PSAs, it
seems that the failure mode changes from adhesion toward cohesion with increasing humidity
level. In contrast, with too little IBA content, the peel adhesion of M120 is weak with cohesive
failure. However, with too much IBA content, the peel adhesion also decreases in M350 and M380
which would be susceptible to the inevitably high plasticizer dosage required in the formulation.
The failure mode of M3 series PSAs at different humidity levels is also different from M2 series
PSAs, which appears to have a more complex behavior changing from cohesive failure to adhe-
sive failure with increasing humidity level. A systematic investigation on the composition effect
on the peel adhesion and the corresponding failure mode will be worthy to study in the future
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such as compounding M3 series PSAs with tackifiers might be another option. In addition to
IBASA-based PSAs, the peel adhesion of 3M ScotchTM Magic tape processed at the same humidity
condition is also shown in Figure 5.9(b) for reference. The results suggest that IBASA-based PSAs
have comparable or even better performance compared to the commercialized petroleum-based
3M ScotchTM Magic tape.
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Figure 5.9. (a) The viscoelastic behavior within the application range and (b) peel adhesion at different humidity level
of PSAs. PSAs shown in (a) from dark to light are M120, M210, M220, M350, and M380. Filled and opened symbols
in (a) are G′ and G′′, respectively. L, M, and H in (b) correspond to low, medium, and high humidity level. The failure
modes in (b) are ◻ cohesive failure,  adhesive failure, and  mixed failure.
5.4.7 The Evaluation of Viscoelastic Window
The information from master curve is applied to construct the viscoelastic window in Fig-
ure 5.10, which is established by G′ and G′′ values of 0.01 and 100 rad/s at the application tem-
perature. Illustrated by Chang,47 the concept of the viscoelastic window is utilized to evaluate
the potential PSA applications for PSAs. MMAAG-based PSAs generally lie in the region of re-
movable PSAs featuring low modulus and low dissipation, which is also confirmed by the low
peel adhesion in peel testing. Nevertheless, the viscoelastic window of IBASA-based PSAs resides
from the removable PSAs to high shear PSAs depending on the formulation. With the moderate
modulus and dissipation, IBASA-based PSAs shall have a huge potential in a wide variety of PSA
applications.
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Figure 5.10. Viscoelastic window evaluation47 for (a) MMAAG-based PSAs and (b) selected IBASA-based PSAs at 25
oC.
5.5 Conclusion
Glycerol-based block copolymers applied in pressure sensitive adhesives are prepared by RAFT
polymerization. Acrylated glycerol with functionality of 1.2 was polymerized with PMMA macromonomers
to obtain the MMAAG diblock polymers. Moreover, Solketal acrylate, the glycerol derivative with
acetal group to protect hydroxyl groups, was polymerized with PIBA macromonomers to acquire
linear IBASA block polymers. PSAs were formulated by hot-melt blending of plasticizers with
block copolymers. No additional tackifier is required to these systems thanks to their self-tack na-
ture. Both MMAAG and IBASA block copolymers experience microphase separation confirmed
by dynamic shear rheology. The glassy blocks serve as physical crosslinks and therefore enhance
the cohesive strength of PSAs at application temperature. Moreover, MMAAG-based PSAs fur-
ther cure during hot-melt blend process and becomes more elastic. In contrast, IBASA-based PSAs
display better thermal stability up to 200 oC and therefore show better peel adhesion in peel tests.
180o peel tests are performed of PSAs formulated with various plasticizers, plasticizer loading,
adherends, and conditioned at different relative humidity levels. Benzoflex 2088 appears to be
the better plasticizer for these PSA compounds. Statistical evaluation of the peel performance of
IBASA-based PSAs reveals that the peel adhesion is related to plasticizer loading and humidity
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level regardless of adherend materials. The glassy block content in the block copolymers also play
an important role on the viscoelastic property which thus affect the subsequent PSA formulat-
ing and the peel performance. IBASA block copolymers with 20 wt% IBA content and 10 wt%
Benzoflex 2088 shows superior peel performance among all the other formulations which is com-
parable to the commercial 3M ScotchTM magic tape. The evaluation of viscoelastic window indi-
cates that MMAAG-based PSAs are suitable for removable PSA applications while IBASA-based
PSAs ranges from removable PSAs to high shear PSAs. Without detailed engineering, glycerol-
based PSAs have shown the huge potential in the application of PSA. This study provides a new
platform based on the price-competitive and abundant glycerol for synthesizing renewable block
copolymers that can be used to replace the prevailing petroleum-based PSAs.
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CHAPTER 6. FUTURE WORK
The investigation of the gelation suppression in a model methacrylate system is shown in
Chapter 3, where the main focus is on the high degree of polymerization system. We also proposed
a new method to include the concentration effect into predicting the gel conversions in reversible
addition-fragmentation chain transfer (RAFT) and atom transfer radical polymerization (ATRP)
controlled radical polymerization systems by a new parameter, the crosslinking tendency (CT).
To further ameliorate the efficacy of CT prediction, expanding the gelation studies into styrenic
and other (meth)acrylate systems will be worthwhile to conduct. The examination of CT in more
systems will generalize CT prediction better.
After polymerizing branched and highly branched polymers through RAFT, their characteris-
tics can be viewed from different aspects. Rheological properties are one of the important ways to
understand the architecture as well as polymer mechanical responses over a wide range of tem-
perature and frequency. The rheological investigation of AESO and n-butyl acrylate branched
and bio-based copolymers is therefore carried out. By varying AESO content and functionality,
branched copolymers with different crosslink density and strand length, which is the chain length
between two crosslinks, can be obtained. Rheology is sensitive to detect the architecture change
since the relaxation process of polymer chains is directly related to the chain length, chain mobility,
and entanglement. Dramatic difference has been found in copolymers slightly contaminated by
AESO compared to pure poly(n-butyl acrylate) (PnBA) linear polymer. The entanglement plateau
can be barely seen in slightly branched copolymers indicating the chain entanglement is highly
affected by crosslinks. The systematic analysis of the copolymers entanglement behavior is un-
dergoing to acquire further understanding of their structure-property relationship.
In addition to bio-based copolymers and block copolymers, a petroleum-based block copoly-
mer system, poly(styrene-block-n-butyl acrylate) (PS-PnBA) is introduced as the model system of
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PS-PAESO. We at first considered this system as a conventional block copolymer system, however
the unusual phase behavior of this system has been found. To self assemble, block copolymers
have to reach the thermodynamic equilibrium state, where polymer chains must be able to freely
move in the melt or solution conditions. For bulk block copolymers, reaching the melt condition
is carried out by heating the materials up above the glass transition temperature (Tg) of all blocks.
The general belief is that once the block copolymer is cooled below the Tg of any block, the equilib-
rium morphology will be locked and held. However, whether this belief is held for PS-PnBA needs
deliberate examination. The preliminary results from temperature-dependent small angle x-ray
scattering (TD-SAXS), temperature-dependent neutron scattering (TD-SANS), and transmission
electron microscope (TEM) micrographs show conflict findings. The story of TD-SAXS spectra
and TEM micrographs begins from finding the order-order transition (OOT) temperature surpris-
ingly at temperature lower than Tg, PS, which has never been reported before. For symmetric
PS-PnBA block copolymers, there are coexistent lamellae phases with different domain spacing
(D) at room temperature in TEM micrographs. D of the small lamellae is exactly half of D of the
big lamellae, which is well-aligned with the finding from TD-SAXS spectra. The scattering peak
of the small lamellae in TD-SAXS spectra is absent at high temperature and appears at tempera-
ture below 80oC. The peak intensity gradually increases as temperature decreasing. On the other
hand, the intensity of the scattering peak representing the big lamellae keeps decreasing during
cooling. This finding seems to imply the presence of OOT in this system.
Nonetheless, this system is subject to drastic x-ray electron contrast change regarding temper-
ature owing to the different volume expansion rate of blocks. Therefore, we sought TD-SANS
spectra for confirming our findings from TD-SAXS and TEM micrographs using the deuterium-
labeled PS-PnBA. By carefully controlling the deuterium content in PS blocks, the neutron scatter-
ing contrast change is negligible within the desired temperature range. However, the intensity of
different peaks seems to be independent of temperature in SANS spectra. These results contradict
with our findings from SAXS spectra as well as TEM micrographs, which suggest the intensity
change in SAXS spectra is possibly an event of volume change from different block. The spec-
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ulation according to SANS spectra is susceptible to the non-ideal mixing between blocks at the
interface. As the specific volume of the two blocks is almost identical, a subtle negative excess
of volume causes the density at the interface slightly higher than two blocks which leads to the
singularity of peak intensity difference. Though this explanation could elucidate the difference of
SANS and SAXS spectra, it cannot explain the morphologies found in TEM micrographs. We are
currently investigating this system using other characterization techniques to get a better under-
standing.
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APPENDIX A. SUPPLEMENTAL INFORMATION FOR CHAPTER 3
Since MMA and DM are structurally similar chemicals, 1H NMR signals of their vinylic and
allylic hydrogens are overlapped. However, the amount of two chemicals in the reaction mixture
can be identified from their methoxy and methyleneoxy signals. Figure A.1(a) shows the methoxy
signal positions of pure MMA, methyleneoxy signal positions of pure DM, along with a series of
DM and MMA mixtures. The results in Figure A.1(b) validate the accuracy of NMR signals in
distinguishing the two chemicals.
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Figure A.1. 1H NMR spectra accuracy check for methoxy and methyleneoxy signals. (a) [DM]/[M]=X/1 denotes the
spectra of X mole of DM over 1 mole of MMA. The integrated area of δ = 3.70 from MMA methoxy is fixed at 3. (b) The
relative integrated area of δ = 4.37 from DM methyleneoxy in different DM and M mixtures.
Figure A.2 shows a representative 1H NMR spectra from the aliquot experiments. The methoxy
and methyleneoxy signals for reacted M and DM species were shifted by approximately 0.15
ppm from their original positions. Accurate integration of the unreacted and reacted peaks was
achieved through the peak deconvolution algorithm supplied with the MestreNova software.
Each peak was split into several deconvoluted peaks for better curve fitting results. For in-
stance, the unreacted methyleneoxy signals (c-unreacted in Figure A.2) are split into three de-
convoluted peaks, but the integrated area was the summation of all three peaks. Based on the
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integration of deconvoluted peaks, the conversion of methyl methacrylate (XM ) and ethylene gly-
col dimethacrylate (XDM ) were calculated as follows:
XM =
∫ δ3.57
∫ δ3.57 + ∫ δ3.70
(A.1)
XDM =
∫ δ4.17
∫ δ4.17 + ∫ δ4.37
(A.2)
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Figure A.2. A representative NMR spectrum from DMM401. The inset provides an enlarged view of the methyleneoxy
signals region for EGDMA. Methoxy and methyleneoxy peaks after deconvolution are shown in navy.
The overall gel point in Figure 3.7 is determined as:
X =
XM +XDM ∗ [DM]/[M]
1 + [DM]/[M]
(A.3)
The dynamic light scattering (DLS) results indicate that the scaling behavior between hydro-
dynamic radius (Rh) and weight-average molecular weight (Mw) is relevant to [DM]/[M] but
irrelevant to vinyl concentration. Figure A.3 displays Rh with respect to Mw for the representa-
tive [DM]/[M] 0.5 entries. The summary of the slope and corresponding r2 values is listed in
Table A.1.
Table A.1. Summary of α and the corresponding r2 of entries in Figure A.3
Entry DMM203 DMM303 DMM403
α 0.42 0.39 0.42
r2 0.91 0.80 0.94
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Figure A.3. Rh of different vinyl concentrations for [DM]/[M] 0.5. Black, dark grey and light grey symbols are entries of
DMM403, DMM303, and DMM203, respectively.
The numbers of data points shown in Figure 3.7 are listed in Table A.2. The calculation is
based on Equation 3.8-3.10. To validate the efficacy of CT analysis, experimental conditions and
results from Rosselgong et al. are used to compare the accuracy of CT prediction in Table A.3.1 The
calculated CT values are plugged in the linear regression equation XCTg = 141.65− 60∗ log(CT ) to
obtain the predicted gel conversion by CT analysis (XCTg ). A X
CT
g higher than 100% indicates that
the entry does not reach the gel point since reaction conversion cannot go above 100%; whereas
XCTg lower than 100% indicates the entry gels. The CT analysis successfully predicts the gelation
behavior in Rosselgong’s system with only 2 exceptions.
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Table A.2. RAFT and ATRP System parameters and gel points from literature and this work
Reference Polymerization
Original sample
code
Gel
point
/%
Overall
monomer
conc. /M
crosslinker
functional-
ity
[C]/[PC]theo
a η b
Crosslinking
tendency
η reference
2 RAFT
Batch synthesis
of p(DVB)
68 2.19 2 2.53 1.01 5.50 3
4 RAFT P6 75 1.01 2 100 1.46 69.44 5
6 RAFT R102 11 0.15 2.6 208.00 1.00 126.46 7
6 RAFT R105 8 0.15 2.6 208.00 1.00 126.46 7
6 RAFT R202 18 0.10 2.6 208.00 1.00 83.20 7
6 RAFT R205 20 0.10 2.6 208.00 1.00 83.20 7
6 RAFT R302 24 0.07 2.6 208.00 1.00 63.23 7
6 RAFT R305 26 0.07 2.6 208.00 1.00 63.23 7
6 RAFT R402 45 0.10 2.6 208.00 1.00 49.92 7
6 RAFT R405 40 0.10 2.6 208.00 1.00 49.29 7
This work RAFT DMM301 33 2.84 2 20.00 0.88 64.55 This work
This work RAFT DMM302 8 2.49 2 199.80 0.88 565.34 This work
This work RAFT DMM303 7 2.18 2 499.40 0.88 1237.15 This work
This work RAFT DMM401 31 4.71 2 20.00 0.88 107.05 This work
This work RAFT DMM402 11 4.11 2 199.80 0.88 933.16 This work
This work RAFT DMM403 6 3.60 2 499.40 0.88 2043 This work
8 ATRP EGDMA0.02 81 2.89 2 2.00 0.80 7.22 9
8 ATRP EGDMA0.05 57 2.87 2 5.00 0.80 17.94 9
8 ATRP EGDMA0.1 28 2.84 2 10.00 0.80 35.54 9
8 ATRP EGDMA0.2 16 2.79 2 20.00 0.80 69.76 9
8 ATRP EGDMA0.5 5 2.64 2 50.00 0.80 165.25 9
10 ATRP MA8.5EG5.0 44 9.49 2 5.00 1.10 42.5 11
10 ATRP MA6.0EG5.0 51 6.68 2 5.00 1.10 30 11
10 ATRP MA2.5EG5.0 73 2.76 2 5.00 1.10 12.5 11
10 ATRP MA8.5EG1.1 100 8.72 2 1.10 1.10 8.69 11
10 ATRP MA6.0EG1.1 97 6.15 2 1.10 1.10 6.13 11
10 ATRP MA8.5EG1.5 79 8.80 2 1.50 1.10 11.94 11
10 ATRP MA6.0EG1.5 87 6.20 2 1.50 1.10 8.43 11
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Table 3.4 (Continued)
Reference Polymerization
Original sample
code
Gel
point
/%
Overall
monomer
conc. /M
crosslinker
functional-
ity
[C]/[PC]theo
a η b
Crosslinking
tendency
η reference
10 ATRP MA8.5EG3.0 62 9.09 2 3.00 1.10 24.57 11
10 ATRP MA6.0EG3.0 66 6.40 2 3.00 1.10 17.35 11
10 ATRP MA2.5EG3.0 85 2.66 2 3.00 1.10 7.23 11
10 ATRP MA7.2EG10 34 8.87 2 10.00 1.10 78.55 11
10 ATRP MA6.0EG10 42 7.36 2 10.00 1.10 65.45 11
10 ATRP MA2.5EG10 53 3.03 2 10.00 1.10 27.27 11
10 ATRP MA1.0EG10 84 1.21 2 10.00 1.10 10.91 11
11 ATRP GM-1.1 97 6.13 2 1.10 1.10 6.13 11
11 ATRP GM-1.5 86 6.18 2 1.50 1.10 8.43 11
11 ATRP GM-3.0 66 6.38 2 3.00 1.10 17.40 11
11 ATRP GM-5.0 51 6.65 2 5.00 1.10 30.21 11
11 ATRP GM-10.0 42 7.33 2 10.00 1.10 66.62 11
12 ATRP Table 3 results 65 9.88 2 3.00 1.10 26.95 11
12 ATRP Table 3 results 66 8.86 2 3.00 1.10 24.16 11
12 ATRP Table 3 results 76 6.36 2 3.00 1.10 17.35 11
12 ATRP Table 3 results 80 2.86 2 3.00 1.10 7.8 11
13 ATRP 2.2-2A 97 6.13 2 1.10 1.10 6.13 11
13 ATRP 2.2-3A 94 6.09 3 0.73 1.10 8.12 11
13 ATRP 2.2-4A 89 6.06 4 0.46 1.10 7.58 11
13 ATRP 2.2-5A 99 6.05 5 0.44 1.10 9.68 11
13 ATRP 3.0-2A 86 6.18 2 1.50 1.10 8.43 11
13 ATRP 3.0-3A 78 6.12 3 1.00 1.10 11.13 11
13 ATRP 3.0-4A 79 6.09 4 0.75 1.10 12.46 11
13 ATRP 3.0-5A 83 6.07 5 0.6 1.10 13.25 11
13 ATRP 4.0-2A 79 6.24 2 2.00 1.10 11.35 11
13 ATRP 4.0-3A 67 6.16 3 1.33 1.10 14.93 11
13 ATRP 4.0-4A 67 6.12 4 1.00 1.10 16.69 11
13 ATRP 4.0-5A 65 6.10 5 0.80 1.10 17.74 11
13 ATRP 4.0-6A 82 6.08 6 0.67 1.10 18.43 11
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Table 3.4 (Continued)
Reference Polymerization
Original sample
code
Gel
point
/%
Overall
monomer
conc. /M
crosslinker
functional-
ity
[C]/[PC]theo
a η b
Crosslinking
tendency
η reference
13 ATRP 10.0-2A 48 6.60 2 5.00 1.10 30.00 11
13 ATRP 10.0-3A 40 6.40 3 3.33 1.10 38.79 11
13 ATRP 10.0-4A 39 6.30 4 2.50 1.10 42.95 11
13 ATRP 10.0-5A 34 6.24 5 2.00 1.10 45.38 11
13 ATRP 10.0-6A 34 6.20 6 1.67 1.10 46.97 11
a [C]/[PC]theo = [Crosslinker]/[CTA] for RAFT or [C]/[PC]theo = [Crosslinker]/[Initiator] for ATRP.
b η = MWtheoMWexp see description of Equation 3.9 for detail.
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Table A.3. CT analysis for methacrylic copolymer systems by RAFT and ATRP from Rosselgong et al.1
Polymerization Original sample code
MMA conc
/wt%
conv.
/%
Overall
monomer
conc. /M
[C]/[PC]theo
b Crosslinking
tendencyc
XCTg
d
/%
ATRP PMMA50-DSDMA1.0 10 97.6 0.89 1 0.99 141.9
ATRP PMMA50-DSDMA3.0 10 96.7 0.93 3 3.08 112.3
ATRP PMMA50-DSDMA5.0 10 96.9a 0.96 5 5.33 98.0
RAFT PMMA50-DSDMA1.0 10 96.7 0.89 1 0.99 141.9
RAFT PMMA50-DSDMA3.0 10 96.1 0.93 3 3.08 112.3
RAFT PMMA50-DSDMA5.0 10 96.4 0.96 5 5.33 98.0e
ATRP PMMA50-DSDMA1.25 30 99.1 2.73 1.25 3.79 107.0
ATRP PMMA50-DSDMA1.5 30 98.9a 2.74 1.5 4.57 102.1e
RAFT PMMA50-DSDMA1.5 30 98.7 2.74 1.5 4.57 102.1
RAFT PMMA50-DSDMA1.6 30 98.5a 2.74 1.6 4.88 100.3
ATRP PMMA50-DSDMA0.6 50 99.1 4.56 0.6 3.04 112.7
ATRP PMMA50-DSDMA0.7 50 98.9 4.57 0.7 3.55 108.6
ATRP PMMA50-DSDMA0.8 50 98.8 4.58 0.8 4.07 105.1
ATRP PMMA50-DSDMA0.85 50 98.9 4.58 0.85 4.33 103.5
ATRP PMMA50-DSDMA0.9 50 99.0 4.59 0.9 4.59 102.0
ATRP PMMA50-DSDMA0.95 50 98.5a 4.59 0.95 4.85 100.5
RAFT PMMA50-DSDMA0.6 50 96.2 4.56 0.6 3.04 112.7
RAFT PMMA50-DSDMA0.7 50 96.5 4.57 0.7 3.55 108.6
RAFT PMMA50-DSDMA0.8 50 97.3 4.58 0.8 4.07 105.1
RAFT PMMA50-DSDMA0.85 50 96.1 4.58 0.85 4.33 103.5
RAFT PMMA50-DSDMA0.9 50 96.6 4.59 0.9 4.59 102.0
RAFT PMMA50-DSDMA0.95 50 96.1a 4.59 0.95 4.85 100.5
a Entries gelled.
b [C]/[PC]theo = [Crosslinker]/[CTA] for RAFT or [C]/[PC]theo = [Crosslinker]/[Initiator] for ATRP.
c η equals 0.9 according to Rosselgong et al.1
d XCTg is the gel conversion predicted by linear regression in Figure 3.7, which X
CT
g = 141.65 − 60 ∗ log(CT ).
e Entries fail to predict gelation by CT analysis.
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APPENDIX B. SUPPLEMENTAL INFORMATION FOR CHAPTER 4
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Figure B.1. Normalized refractive index response of PS-PAESO block copolymers and their corresponding PS
macromonomers
The number of PS arms (nPS) in PS-PAESO block copolymers are calculated based on the
molecular weight of polystyrene macromonomers (Mw,PS) and the molar ratio of styrene and
AESO blocks from 1H NMR spectra as follows:
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DPPS =Mw,PS/wS (B.1)
DPPAESO =DPPS ∗
1 −mPS
mPS
(B.2)
MWcalc =Mw,PS +DPPAESO ∗wAESO (B.3)
nPS =
MWexp
MWcalc
(B.4)
where DPPS is the degree of polymerization (DP ) of polystyrene block, wS = 104.15 Da is
the molecular weight of a styrene repeating unit, DPPAESO is the DP of PAESO block, wAESO =
1200Da is the molecular weight of an AESO repeating unit,mPS is the molar ratio of styrene block,
MWcalc is the calculated molecular weight, and MWexp is the experimental molecular weight
obtained from GPC. The calculation results are summarized in Table B.1.
Table B.1. Number of PS arms and PAESO contour length calculated based on GPC and 1H NMR results
Entry DPPS DPPAESO overall DP a C /nmb mPS /% MWcalc /Da Calc. nPS
BS1 870 76 946 6.7 92 181 330 0.65
BS2 279 25 304 2.2 92 59 320 0.61
BS3 167 18 185 1.6 90 39 188 1.00
BAA1 1 096 228 1 324 20.3 83 388 132 0.78
BAA2 131 46 177 4.0 74 68 401 0.46
BAA3 120 23 143 2.0 84 39 866 0.48
BAS1 387 23 410 2.0 94 67 441 0.93
BAS2 167 8 175 0.7 95 27 280 0.97
BAS3 120 6 126 0.5 96 19 315 0.82
a Overall degree of polymerization DP =DPPS +DPPAESO
b Contour length C = DPPAESO ∗ 0.154 ∗ cos (109.5o/2) where 0.154 nm and 109.5o are
the length and angle of sp3 C-C bond.
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Figure B.2. SAXS spectra of PS-PAESO block copolymers (○) and the corresponding PS-PAESO/P blends (○).
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Figure B.3. DSC curves of BAA1 and BAA1P.The Tg,PSs of BAA1 and BAA1P are 108.13 oC and 60.02 oC, respec-
tively. The Tg,PAESO of BAA1 is 4.27 oC.
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Figure B.4. SAXS spectra of BAS1P during heating(○) and cooling(○).
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Figure B.5. 1H NMR of a representative PS-PAESO before hydrogenation (BAS1) and after hydrogenation (BAS1H)
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Figure B.6. A representative architecture of an AESO repeating unit, which consists of two oleic acids and a linoleic
acid. The contour length of the gray side chain is 2.93 nm, which is calculated based on three sp3 C −O bonds, three
sp2 carboxylate C − O bonds, and 28 sp3C − C bonds. The actual side chain length varies subtly resulting from the
modification position of the unsaturated group.
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APPENDIX C. SUPPLEMENTAL INFORMATION FOR CHAPTER 5
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Figure C.1. Molecular weight distribution of MMAAG and IBASA series. — for block copolymers and — for their
macromonomer precursors. Curves are displayed after normalization.
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Figure C.2. Master curves of plasticized M3 series PSAs. Filled and opened symbols are G′ and G′′.
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Figure C.3. Master curves of plasticized M1 series PSAs. Symbols are ◻ M1, ○ M110, △ M120, and ▽ M140,
respectively.
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Figure C.4. SAXS spectra of M1 series PSAs.
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Figure C.5. Master curves of plasticized M2 series PSAs. Filled and opened symbols are G′ and G′′.
